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SUMMARY

Recent studies have reported that aphids facilitate their colonization of host plants by secreting salivary
proteins into host tissues during their initial probing and feeding. Some of these salivary proteins elicit
plant defenses, but the molecular and biochemical mechanisms that underlie the activation of phloemlocalized resistance remain poorly understood. The aphid Myzus persicae, which is a generalized
phloem-sucking pest, encompasses a number of lineages that are associated with and adapted to specific
host plant species. The current study found that a cysteine protease Cathepsin B3 (CathB3), and the associated gene CathB3, was upregulated in the salivary glands and saliva of aphids from a non-tobaccoadapted (NTA) aphid lineage, when compared to those of a tobacco-adapted lineage. Furthermore, the
knockdown of CathB3 improved the performance of NTA lineages on tobacco, and the propeptide domain
of CathB3 was found to bind to tobacco cytoplasmic kinase ENHANCED DISEASE RESISTANCE 1-like
(EDR1-like), which triggers the accumulation of reactive oxygen species in tobacco phloem, thereby suppressing both phloem feeding and colonization by NTA lineages. These findings reveal a novel function for
a cathepsin-type protease in aphid saliva that elicits effective host plant defenses and warranted the theory
of host specialization for generalist aphids.
INTRODUCTION
Even though 99% of aphids exhibit a high degree of host specificity, being restricted to one or few closely related plant species, a few generalist aphid species have been reported [1].
The green peach aphid Myzus persicae, for example, has been
reported to colonize hundreds of plant species, including members of 40 different families [2]. M. persicae includes a variety of
host-plant-associated lineages [3], which differ in fecundity and
survival rate when reared on specific host plant species [4]. The
tobacco-adapted (TA) M. persicae lineage performs well when
feeding on tobacco plants, whereas non-tobacco-adapted
(NTA) aphid lineages perform poorly [5], and TA aphids have
been reported to express higher levels of a nicotine-detoxifying
enzyme (CYP6CY3) than NTA aphids [6, 7]. The molecular mechanisms underlying different host-plant-associated lineages of
M. persicae manipulate the chemical-induced defenses of host
plants are generally poorly understood.
For the successful colonization of potential host plants, aphids
must circumvent plant defenses and gain access to the host’s
sieve elements. During probing and feeding, aphids secrete

saliva into their host’s epidermis, mesophyll, and vascular tissues [8–10]. Aphid saliva contains putative effector proteins
that facilitate feeding, as well as some that trigger plant defenses
[11–18]. Since M. persicae lineages differ in their feeding efficiency and population fitness on tobacco plants, it is reasonable
to speculate that some types of salivary component-triggered
plant resistance could be lineage specific.
Indeed, genome sequencing has revealed that aphids
possess more host species-specific genes than other insect
groups, and such genes are often related to chemical detection
and response and to transcriptional and metabolic regulation,
with some of these genes being expressed in salivary glands
[4]. In addition, genome sequencing has also revealed that TA
and NTA M. persicae lineages exhibit variation in the copy number of certain genes such as CYP6CY3 [7]. Thus, it is possible
that the transcriptional plasticity of salivary protein-encoding
genes is responsible for the different feeding efficiency of TA
and NTA M. persicae lineages on tobacco.
Accordingly, the aim of the present study was to screen differentially expressed genes (DEGs) of the TA and NTA M. persicae lineages, using transcriptome analysis, and to identify saliva-localized
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RESULTS

Figure 1. Tobacco-Adapted Aphids Perform Better Than Non-Tobacco Adapted Aphids When Fed Tobacco Plants
(A) TA aphids showed higher relative growth rate than NTA aphids (n = 6,
Student’s t test).
(B) TA aphids had higher survival rate aphids than NTA aphids (n = 30).
(C–E) TA aphids (C) spent a shorter time reaching their first phloem activity, (D)
had longer average duration of each phloem ingestion, and (E) had longer time
of total phloem ingestion than NTA aphids during a 8-h feeding period using
electronic penetration graph technology (n = 20, Mann-Whitney U test).
Data represent means ± SE. Different letters on the top of the bars indicate the
significant difference between TA and NTA aphids (p < 0.05). See also Figure S1 and Table S1.

proteins by analysis of the salivary proteome. Several proteases
have already been reported from either the salivary gland or watery
saliva of Acyrthosiphon pisum, Macrosiphum euphorbiae, and
Diuraphis noxia [19–22] and have been reported to degrade the
defense-related proteins of host plants [21, 23]. In addition,
M. persicae that were reared on Brassica rapa for 1 year exhibited
greater expression levels of cysteine protease Cathepsin B (CathB)
family genes than those reared on Nicotiana benthamiana for 1
year. Furthermore, the knockdown of CathB genes reduced the
performance of aphids on B. rapa [4]. CathB proteins are papainlike cysteine proteases (PLCPs), which are composed of a signal
peptide, a propeptidase, and a mature peptidase protein domain
[24]. Several characterized PLCP effector proteins (i.e., AvrRpt2
and AvrPphB) have been studied in the Gram-negative pathogenic
bacterium Pseudomonas syringae, and the proteolytic site of the
peptidase domain seems necessary for either suppression of
the host’s PAMP-triggered immunity or activation of its effectortriggered immunity [25, 26].
The present study demonstrates that the propeptide
domain of the aphid salivary protease CathB3 specifically
binds to the ENHANCED DISEASE RESISTANCE 1-like
(EDR1-like) protein, which is a Raf-like mitogen-activated protein kinase kinase kinase (MAPKKK) of Nicotiana tabacum, in
the host phloem and, thereby, triggers phloem-localized reactive oxygen species (ROS) to suppress phloem ingestion by
NTA aphids.
2 Current Biology 30, 1–11, December 21, 2020

NTA Suffers Lower Growth Rate and Feeding Efficiency
than TA Lineage on Tobacco
NTA aphids displayed lower growth rate and survival rate
compared with TA aphids when fed on N. tabacum (Figure
1A, B). Furthermore, we monitored their feeding behavior using
the electrical penetration graph (EPG) (Tjallingii, 1978; Salvador-Recatala and Tjallingii, 2015) (Table S1). Within an 8-h
recording period, TA aphids spent 15% of the time on the
non-penetration phase (np wave, representing no probing
and no feeding), 26% of the time on the pathway phase,
including the C wave (representing aphid stylets migration between cells) and pd waves (associated with short cell penetrations), and 45% time on the E1 and E2 waves, which were associated with salivation into the phloem and phloem ingestion,
respectively (Figure S1A-B). By contrast, the NTA aphids spent
38%, 40% and 9% on the non-penetration, pathway and
phloem waves, respectively (Figure S1A-B). Furthermore,
NTA aphids spent longer time reaching their first phloem activity than TA aphids. Average duration of each phloem ingestion
and total time spent in phloem ingestion of NTA aphids were
much shorter than that of TA aphids (Figure 1C-E). These results suggested that NTA aphids were less fit than TA aphids
on tobacco.
DEGs of NTA and TA Aphids Were Enriched in CathB
Family Genes
A high proportion (90%) of the clean reads obtained by RNA
sequencing (RNA-seq) analysis of head transcriptome profiles
from NTA and TA aphids that were reared on tobacco plants
(three biological replicates) could be mapped to the
M. persicae G006 reference genome (Table S2), and further
DEG screening revealed that 600 genes were significantly downregulated in NTA aphids, whereas 592 genes were significantly
upregulated (Figure S2A). KEGG analysis of the DEGs indicated
the enrichment in 10 pathways (Figure S2B), and 11 CathB genes
were expressed higher in NTA aphids than TA aphids
(Figure S2D).
Meanwhile, comparison of mass spectrometry (MS)-identified
proteins from the watery saliva of TA and NTA aphids to a predicted M. persicae proteome (UniProtKB database) revealed
56 proteins (Table S5). After the abundances of the salivary
proteins were normalized, the top 10 differentially expressed
proteins of the two lineages were identified (Figure S2D). Among
these proteins, Cuticle protein Q45V95, CathB protein A9JSH5,
Symbionin Q9TWM6, HSP60 protein Q9U5N2, and Ribosomal
protein A0A0A0NZU3 were upregulated in NTA aphid saliva,
whereas CathB protein A9JSH3, OS-D-like proteins Q4W449
and Q4W1H0, Carotenoid desaturase F6K5U4, and Cytochrome
b E7C936 were upregulated in TA aphid saliva (Figure S2D). According to the gene annotation of the reference aphid genome,
the A9JSH5 protein was encoded by a CathB-like cysteine
proteinase 3 gene (LOC111041759; CathB3), and A9JSH3 was
encoded by another CathB gene (LOC111030208). The upregulation of A9JSH5 in the NTA aphid saliva was consistent with the
upregulation of CathB3 observed in the transcriptome data (Figures 2A and S2B), whereas no transcriptional differences were
observed for the second CathB gene (LOC111030208).
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Figure 2. Cathepsin B3 Expression in the
Salivary Gland and Saliva of M. persicae
(A) The saliva of NTA aphids had higher relative intensity of CathB3 than TA aphids using LC-MS
analysis (n = 3, Student’s t test, p < 0.05).
(B) NTA aphids showed higher CathB3 than TA
aphids in the salivary gland at mRNA level of both
aphid lineages (n = 4, Student’s t test, p < 0.05).
(C) NTA aphids showed higher relative band intensity of CathB3 in aphid head at protein
level than TA aphids (n = 4, Student’s t test,
p < 0.05).
(D) Immunohistochemical (IHC) localization of
CathB3 in the salivary gland of both aphid lineages. TA, tobacco-adapted lineage; NTA, nontobacco adapted lineage; DAPI, 40 ,6-diamidino2-phenylindole.
(E) Detection of CathB3 in aphid infested plant
leaves and phloem sap by western blot. Lane 1:
uninfested leaf;, lane 2: NTA aphids-infested
leaf; lane 3: phloem sap of NTA aphids infested
leaf.
Data represent means ± SE, and different letters
on the top of the bars indicate the significant
difference between TA and NTA aphids (a–c,
p < 0.05). See also Figure S2, Table S2, and
Table S5.

Furthermore, because sequence alignment revealed that the
coding sequence (CDS) of CathB3 genes from the two lineages
was relatively conserved (Figure S3), CathB3 (LOC111041759)
was selected for further analysis.
Quantitative real-time PCR, western blotting, and immunohistochemical (IHC) localization staining experiments confirmed
that CathB3 transcripts and proteins were upregulated in NTA
salivary glands (Figures 2B–2D), and western blotting of leaves
and phloem sap from NTA-infested tobacco plants confirmed
that the CathB3 protein could be secreted by aphids into host
plants (Figure 2E).
CathB3 Silencing Promoted NTA Aphid Growth and
Feeding
The injection of dsCathB3-RNA reduced the CathB3 transcript
levels of NTA aphid whole bodies and salivary glands by 49%
and 65.3%, respectively, at 48 h after injection (Figures 3A and
3B), and the injection of dsCathB3-RNA reduced the CathB3
protein levels of NTA head tissues (containing salivary glands;
Figure 3C). Furthermore, the knockdown of CathB3 significantly
increased the survival and mean relative growth rates of NTA
aphids (Figures 3D and 3E), and dsCathB3-injected NTA aphids
took less time to reach first phloem activity than dsGFP-injected
NTA aphids (Figures 3F and S1). Interestingly, the mean phloem
ingestion duration of dsCathB3-injected NTA aphids was 56 min,
whereas that of the dsGFP-injected NTA aphids was only 3 min
(Figure 3G). The total E2 duration (passive ingestion from sieve
elements) of the dsCathB3-injected NTA aphids was also lengthened substantially (181 min) when compared to that of dsGFPinjected NTA aphids (37 min; Figure 3H; Table S1). The enhanced
performance of dsCathB3-injected NTA aphids suggested that
CathB3 negatively affects the feeding fitness of NTA aphids on
tobacco.

Transient CathB3 Expression in Tobacco Suppressed
TA Aphid Feeding
To further investigate the effects of salivary CathB3 on aphid
feeding behavior, the full-length CathB3 sequence was transiently expressed in N. tabacum by agroinfiltration (Figure 3I).
The transient expression of aphid CathB3 reduced both the survival rate and feeding efficiency of TA aphids (Figures 3J and S1),
and TA aphids that fed on CathB3-infiltrated plants took longer to
reach first phloem activity than those that fed on vector-infiltrated plants (Figure 3K; Table S1). Transient CathB3 expression
also reduced the mean duration of phloem feeding events and
the mean total time spent in E2 (passive ingestion from sieve elements; Figures 3L and 3M).

CathB3 Specifically Interacted with Tobacco EDR1-like
Protein
Cathepsin B proteins are synthesized as inactive precursors with
N-terminal propeptides that function as potent and selective
intrinsic inhibitors of mature proteases. Once the propeptide of
a CathB protein is released, the mature active peptidase can
begin proteolytic processing [27]. To identify CathB3-interacting
proteins in N. tabacum, full-length CathB3 that lacked the signal
peptide was produced as a C-terminal FLAG fusion protein
(CathB3-FLAG) via Agrobacterium-mediated transient expression in tobacco leaves. CathB3-FLAG was immunoprecipitated
with anti-FLAG antibody and eluted with FLAG peptide. The immune complex that was isolated using immunoprecipitation was
subject to liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis, which revealed 12 candidate CathB3-interacting proteins (Table S4). Due to their putative function as
defense-related proteins against aphid [28–30], two of the 12
candidates, lipoxygenase 2 (LOX2, XP_016478963.1) and
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serine/threonine-protein kinase EDR1-like isoform X3
(XP_016481792.1), were selected for further analysis.
Direct interactions between signal peptide-lacking full-length
CathB3 (bait) and either LOX2 or EDR1-like (prey) were verified
using yeast two-hybrid (Y2H) analyses (Figure 4A). Under highstringency conditions, growth was observed in colonies that
harbored both CathB3 and EDR1-like but not in those harboring
both CathB3 and LOX (Figure 4A). The strong interaction between CathB3 and EDR1-like was further confirmed using GST
pull-down (Figure 4B) and co-immunoprecipitation (coIP) assays
(Figure 4C).
Domain mapping with Y2H assays revealed that the propeptide fragment, rather than mature CathB3, interacted with
EDR1-like (Figure 4D). However, neither the N-terminal domain
nor C-terminal domain of EDR1-like was capable of interacting
with CathB3 alone, which indicated that the entire EDR1-like
protein was necessary for its association with CathB3
(Figure 4E).
In wild-type (WT) N. tabacum that transiently expressed the
propeptide domain (CathB3propep), mature active peptidase
domain (CathB3pep), or full-length CathB3, little difference was
observed in EDR1-like gene expression, which suggested that
CathB3 has little effect on EDR1-like expression at the transcriptional level (Figure 4F). However, in PNtEDR1::NtEDR1-GFP transgenic plants, EDR1-like level was greater when either CathB3propep or full-length CathB3 was expressed than in either
CathB3pep-expressing or empty vector-transformed plants (Figure 4G). Presumably, CathB3propep either promoted EDR1-like
expression at the translational level or stabilize the protein
(e.g., by inhibiting EDR1-like degradation or turnover).
The coexpression of CathB3-cYFP, which contained the
C-terminal part of yellow fluorescent protein, and EDR1-nYFP,
which contained the N-terminal part of yellow fluorescent protein, in N. benthamiana leaves mainly yielded fluorescence in
the cytosol, and no signal was observed in negative controls.
Furthermore, the coexpression of CathB3propep-cYFP and
EDR1-nYFP also yielded YFP fluorescence, whereas the

Figure 3. CathB3 Regulates the Phloem Feeding and Performance
of Aphids
(A and B) CathB3 RNAi knockdown in NTA aphids reduced the expression of
CathB3 at mRNA level (A) in whole body and (B) in the salivary gland (n = 5,
Student’s t test).
(C) CathB3 RNAi knockdown in NTA aphids reduced the relative band intensity
of CathB3 in aphid head at protein level (n = 4, Student’s t test).
(D and E) CathB RNAi knockdown increased (D) the survival rate of adult
aphids when fed tobacco plants for 8 days post-injection of dsRNA (n = 30,
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Kaplan-Meier survival curve, log-rank [Mantel-Cox] test) and increased (E)
relative growth rate of 3rd instar nymph when fed tobacco plants for 3 days (n =
5, Student’s t test).
(F) Knockdown of CathB3 in NTA aphids shortened the time reaching their first
phloem activity and increased (G) the average duration of each phloem
ingestion and (H) the time of total phloem ingestion during a 8-h feeding period
using electronic penetration graph (n = 20, Mann-Whitney U test).
(I) Detection of transcripts of CathB3 by RT-PCR in transiently CathB3-overexpressed N. tabacum leaves and the inoculation with Agrobacterium tumefaciens that harbored the reference gene ribosomal protein L7 (Rpl7) served as
a control.
(J) Overexpression of CathB3 reduced the survival rate of aphids (n = 30,
Kaplan-Meier survival curve, log-rank (Mantel-Cox) test).
(K–M) Overexpression of CathB3 in plant (K) increased the time of NTA aphids
reaching their first phloem activity and reduced (L) the average duration of
each phloem ingestion and (M) the time of total phloem ingestion during a 8-h
feeding period using electronic penetration graph (n = 20, Mann-Whitney U
test).
Data represent means ± SE. Different letters on the top of the bars indicate the
significant difference between dsCathB3 and dsGFP for aphid treatments or
between overexpression of CathB3 and empty vector for plant treatments (p <
0.05). NTA, non-tobacco adapted lineage of M. persicae. See also Figures S1
and S3 and Table S1.
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Figure 4. CathB3 Interacts with EDR1-like Protein In Planta
(A) CathB3 interacted with EDR1-like protein in yeast two-hybrid assays. Y2H assays examining interactions between the GAL4 DNA activation domain (AD)
fusions of LOX2 or EDR1-like protein (EDR1) in pGADT7 and GAL4 DNA binding domain (BD) fusion of CathB3 in pGBKT7. Co-transformation of pGBKT7-lam
and pGADT7-T vectors was used as a negative control. Co-transformation of pGBKT7-53 and pGADT7-T vectors was used as a positive control. To assess
(legend continued on next page)
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coexpression of CathB3pep-cYFP and EDR1-nYFP did not,
which suggested that CathB3propep, rather than CathB3pep,
was capable of interacting with EDR1 (Figure 4H).
Meanwhile, the transient expression of EDR1-GFP and
CathB3-mKate in N. benthamiana leaf epidermal cells revealed
that both EDR1-like and CathB3 are co-localized in the cytoplasm (Figure S4). Further analysis also revealed that EDR1like is expressed in the phloem (Figure 5A), and, because CathB3
proteins are delivered to phloem during feeding, it is possible
that CathB3 and EDR1-like interact within the phloem.
EDR1-like Suppressed Aphid Feeding Efficiency
To evaluate the function of EDR1-like in aphid feeding behavior,
NtEDR1-RNAi lines with attenuated (irEDR1) and upregulated
(35S::EDR1) EDR1-like expression were generated. The
35S::EDR1 plants exhibited delayed growth and flowering, as
well as a relatively weak appearance, when compared to WT
and irEDR1 plants (Figures 5B and 5C). Furthermore, aphids
that fed on 35S::EDR1 plants exhibited the shortest phloem
feeding events and lowest total phloem ingestion time, regardless of lineage (Table S4), whereas aphids that fed on irEDR1
plants exhibited the longest phloem feeding events and greatest
total phloem ingestion time (Figures 5D and 5E). These results
suggested that EDR1-like plays a role in mediating the effective
defense of tobacco against aphids and reduces aphid feeding
efficiency.
EDR1-like Activated Phloem-Localized ROS Bursts
To further elucidate the signaling cascade through which EDR1like activates the downstream effective defense response, RNAseq (three biological replicates) and DEG analyses were used to
compare (1) TA aphid-infested WT plants and uninfested WT
plants; (2) NTA aphid-infested WT plants and uninfested WT
plants; (3) irEDR1 plants and WT plants; and (4) 35S::EDR1
plants and WT plants. TA infestation up- and downregulated
31 and 67 plant defense-associated genes, when compared to
uninfested plants, respectively, whereas NTA infestation upand downregulated 139 and 18 plant defense-associated genes
(Figure S5A). In addition, 14 and 36 plant defense-associated

genes were up- and downregulated in irEDR1 plants, when
compared to WT plants, whereas 20 and 18 plant defense-associated genes were up- and downregulated in 35S::EDR1 plants
(Figure S5B). Upregulation in both NTA-infested and
35S::EDR1 plants could indicate that genes that are related to
plant defense to NTA infestation in an EDR1-dependent manner.
Remarkably, 12 genes were upregulated by both NTA infestation
and EDR1-like overexpression and included, in particular, respiratory burst oxidase homolog protein (Rboh) and pathogenesisrelated protein1 (PR1) (Figures S5C–S5G). NTA infestation also
induced greater H2O2 production than TA infestation (Figure S5H), which suggested that NTA infestation upregulates
ROS and PR1 production through the activation of EDR1-like
protein. Furthermore, infestation by CathB3 NTA aphids induced
lower expression levels of RbohD and PR1 in N. tabacum than
infestation by dsGFP NTA aphids. Neither the silencing of
CathB3 in NTA aphids nor its overexpression in tobacco significantly affected the jasmonic acid signaling pathway or callose
synthesis in N. tabacum, at least in terms of marker gene expression (Figure S6).
To further investigate the effect of CathB3 overexpression on
plant H2O2 accumulation, CathB3 or empty vector were infiltrated
into irEDR1, 35S::EDR1, irRbohD, and WT plants (Figure 6). In
response to empty vector transformation, both the NtRbohD
expression and H2O2 levels of 35S::EDR1 plants were greater
than those of WT, irEDR1, and irRbohD plants (Figures 6A and
6B). In response to CathB3 transformation, both the NtRbohD
expression and H2O2 levels of the WT and 35S::EDR1 plants
were greater than those of irEDR1 and irRbohD plants (Figures
6A and 6B). Finally, the vacuum infiltration of a fluorescent dye
precursor (H2DCF-DA) into CathB3-expressing and non-transformed tobacco leaves revealed that H2O2 was mainly localized
to the vascular bundle (Figure 6C). Meanwhile, the agroinfiltration
of CathB3 induced H2O2 production in the vascular bundle of WT
plants but not irEDR1 or irRbohD plants (Figure 6C), whereas
agroinfiltration by either CathB3 or empty vector induced substantial H2O2 production in the vascular bundle of 35S::EDR1 plants
(Figure 6C). These results suggested that EDR1-like mediates
the activation of ROS production by aphid CathB3.

protein-protein interactions, transformed yeast cells was confirmed by growing these cells on plates containing solid SD medium lacking leucine and tryptophan
(DDO), medium lacking leucine and tryptophan in the present of 40 mg/L X-a-gal (DDO/X), and medium lacking adenine, histidine, tryptophan, and leucine in the
present of 40 mg/L X-a-gal (QDO/X).
(B) In vitro pull-down assays to verify the interaction between CathB3 and EDR1-like protein. Purified HIS-EDR1 was incubated with GST or GST-CathB3 for the
GST pull-down assay and detected by immunoblotting using anti-HIS antibody. The positions of purified GST and GST-CathB3 separated by SDS-PAGE are
marked with asterisks on the gel.
(C) CoIP of MYC-EDR1 and FLAG-CathB3 in N. tabacum. Total protein was extracted from plants transiently expressing both MYC-EDR1 and FLAG-CathB3. The
FLAG-CathB3 protein was immunoprecipitated with anti-FLAG antibody, and the MYC-EDR1 protein was detected by immunoblot analysis with anti-FLAG
antibody. The coIP assay was performed using an anti-MYC antibody.
(D)Y2H assays examining interactions between the CathB3 domains (including propeptide domain, CathB324–61; mature active peptide domain, CathB389–335)
and EDR1-like protein. The conserved propeptide domain (Propep_C1) and mature active peptide domain (Pep_C1A) are indicated with blue and red boxes,
respectively.
(E) Y2H assays examining interactions between the EDR1 domains (including EDR domain, EDR1150–354; MAP3K-like domain, EDR1642–888) and CathB3. The
conserved EDR domain and MAP3K-like domain are indicated with brown and green boxes, respectively.
(F) The relative expression of NtEDR1 of wild-type plant when transiently expressed CathB3, CathB3pep, or CathB3propep protein.
(G) Relative band intensity of EDR1-GFP of PNtEDR1::NtEDR1-GFP transgenic plants when transiently expressed CathB3, CathB3pep, or CathB3propep protein.
Each value is the mean (±SE) of 4 replicates. Means with different letters are significantly different as determined by Tukey’s multiple range test (p < 0.05).
(H) BiFC analysis of CathB3 interaction with EDR1 in vivo. Fluorescence was observed as complementation of the CathB3-cYFP fusion protein, CathB3propep,
CathB3pep with the EDR1-nYFP fusion protein, respectively. Unfused cYFP was coexpressed with EDR1-nYFP as a negative control.
See also Figure S4 and Table S3.
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Figure 5. EDR1-like Protein Suppressed the
Feeding Efficiency of Aphids
(A) Co-localization of EDR1-like protein promoterdriven GFP (PNtEDR1::NtEDR1-GFP) and AtSUC2
promoter-driven CFP (PAtSUC2::CFP) in vascular
tissues of N. tabacum leaves. A cyan signal in the
right panel is observed in the area with blue (AtSUC2) and green signals (NtEDR1-like) overlapping,
indicating the EDR1-like protein was expressed in
the phloem. Scale bar represents 20 mm.
(B) Representative images of the growth condition
associated with 6-week-old irEDR1, wild-type, and
35S::EDR1 plants.
(C) Flowering time after germination of irEDR1, wildtype, and 35S::EDR1 plants (n = 10, Student’s t
test).
(D and E) Average duration of each phloem ingestion (D) and total time spent in phloem ingestion (E)
of two lineages aphids associated with irEDR1,
wild-type, and 35S::EDR1 plants during 8 h (D and
E, n = 20, Kruskal-Wallis test).
Data represent means ± SE. Different letters on the
top of the bars indicate the significant difference
between plant genotypes (C–E). TA, tobacco
adapted lineage of M. persicae; NTA, non-tobacco
adapted lineage of M. persicae. See also Table S4.

DISCUSSION
Plants can detect conserved elicitor proteins from piercing-sucking insects and respond by activating the most effective defenses
[16]. Elucidating the mechanisms by which such elicitors are
recognized and transduced to initiate local defensive signaling
would significantly advance the current understanding of plant
immunity against insect attacks [31]. In M. persicae, identifying differences in the salivary proteins of different host species-associated lineages could help identify elicitor molecules and provide
insight into how the elicitors of non-adapted lineages are recognized by plants and activate plant defenses. The present study
identified a conserved cysteine protease (CathB3) that was
constitutively upregulated in the salivary glands of a natural NTA
M. persicae lineage, when compared to a TA lineage when fed
N. tabacum. More importantly, CathB3 could be secreted by
M. persicae into host plants and was found to specifically interact
with the plant MAPKKK EDR1-like protein through its propeptide
domain, which triggered ROS bursts in the phloem. These findings
reveal a novel function for a cathepsin-type protease in aphid
saliva that elicits effective host plant defenses and may be useful
for the development of pest control strategies that are specific for
piercing-sucking insects.
CathB genes are massively expanded in aphids, and some are
highly expressed in the gut, which was previously recognized as
an adaptive feature for exclusive feeding on nutrition-unbalanced phloem sap [32, 33]. Furthermore, CathB proteins are a

major component of soldier aphid (Tuberaphis styraci) venom, which is injected into
predators as a defense mechanism and
suggests that CathB could be secreted
by the aphid salivary gland [34]. Other
studies of M. persicae and Diuraphis noxia
have also predicted that CathB genes are expressed in the salivary gland [35, 36], and peptide fragments that correspond to
CathB-348 have been identified in the saliva of Rhopalosiphum
padi [37]. The present study demonstrated that CathB3 transcripts are mainly localized to the salivary gland and that CathB3
can be secreted through aphid stylets into plant tissues during
feeding. Moreover, the knockdown CathB genes has been reported to reduce the fitness of M. persicae on Arabidopsis but
not N. benthamiana [4]. Inconsistently, when CathB3 was
silenced in the present study, NTA aphids had quicker access
to phloem and exhibited longer phloem feeding duration, which
subsequently increased aphid growth rate and survival rate on
N. tabacum. The transient expression of the full-length CathB3
sequence in N. tabacum also confirmed that CathB3 could suppress the phloem feeding of TA aphids, which suggested that
aphid CathB3 could trigger an effective plant defense response
against aphids and attenuated the phloem feeding of NTA
aphids. Despite lower CathB3 eliminated the phloem defense,
other salivary proteins that were also identified by LC-MS were
more highly expressed in TA aphids than in NTA aphids, which
suggests that the downregulation of CathB3 may not be the
only determinant of TA aphids’ success on tobacco plants. Other
lineage-specific genes that contribute to the adaptation of TA
aphids need to be identified by the de novo genome sequencing
of aphid clonal lineages.
PLCPs can be produced by both sides in the plants and pathogenic bacteria battle. Once pathogen-derived PLCP effectors
Current Biology 30, 1–11, December 21, 2020 7
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Figure 6. EDR1-like Protein Upregulates the RbohD Expression and Stimulate H2O2 Production Mainly in Phloem
(A and B) The relative expression of NtRbohD (A) and H2O2 production (B) in CathB3-expressed and empty vector inoculated leaves in wild-type, irEDR1,
35S::EDR1, and irRbohD plants post inoculation for 48 h. Data represent means ± SE, and different letters on the top of the bars indicate the significant difference
among plant genotypes and vector inoculation treatments (a and b, n = 4, Tukey’s multiple range test, p < 0.05).
(C) Subcellular localization of fluorescent probes in CathB3-expressed and empty vector inoculated leaves in wild-type, irEDR1, 35S::EDR1, and irRbohD plants
post-inoculation for 48 h. Separate images of the probe (green) and chlorophyll (red) fluorescence emission and merged images are shown, indicating CathB3
stimulates the accumulation of H2O2 that mainly located in phloem in an EDR1-like protein-dependent manner.
See also Figures S5 and S6.

are secreted into plants, the propeptide needs to be proteolytically removed, and catalytic residues of the major peptidase
domain are required for the autoproteolytic cleavage of plant
defensive proteins [38]. In contrast, plant PLCPs are synthesized
as prepropeptides, and the propeptide domain is necessary to
activate the defensive signaling pathway against pest and pathogen attacks [39, 40]. Similar to plant PLCPs, aphid CathB3 with
an intact propeptide domain is released into host plant tissues
during probing, rather than mature active peptidase. Moreover,
aphid-derived CathB3 with an intact propeptide domain can
bind to plant MAPKKK EDR1-like, thereby upregulating EDR18 Current Biology 30, 1–11, December 21, 2020

like at the protein level. It is more likely that, because of its
physical interaction with CathB3, EDR1-like is more stabilized
in activating downstream defensive signal pathway. These results suggest that plants might recognize the aphid-derived
PLCP CathB3 as an elicitor of the defensive signaling pathway.
NtEDR1-like, which is a plant Raf-like kinase, exhibits Ser/Thr
protein kinase activity in vitro [41]. The most-studied Raf-like kinase (AtEDR1) is required for Golovinomyces cichoracearum
susceptibility and has been reported to negatively regulate salicylic-acid-inducible defense responses and MKK4/MKK5 and
MPK3/6 protein levels [42, 43]. Furthermore, AtEDR1 directly

Please cite this article in press as: Guo et al., An Aphid-Secreted Salivary Protease Activates Plant Defense in Phloem, Current Biology (2020), https://
doi.org/10.1016/j.cub.2020.09.020

ll
Article
interacts with AtPAD4 to suppress the expression of AtPAD4,
which confers efficient resistance against aphid by promoting
premature leaf senescence [29, 30, 44]. Thus, it is possible
that CathB3-induced increases of EDR1 suppress the PAD4dependent defense of Arabidopsis. The results of the present
study may provide fundamental evidence for the essential
role of CathB3 for M. persicae fed Arabidopsis [4]. Although
AtEDR1 was previously reported to be localized to leaf
epidermal cells [45], the present study found that NtEDR1-like
was mainly expressed in vascular tissues, which suggests
that NtEDR1-like plays a unique role in mediating effective
phloem-located defenses against piercing-sucking insects. In
the present study, aphids exhibited longer phloem feeding on
irEDR1 plants than on 35S::EDR1 plants, regardless of lineage,
which suggests that NtEDR1-like enhances plant resistance
against aphids by eliminating phloem feeding. The RNA-seq
analysis of tobacco plants revealed that both NTA infestation
and EDR1-like overexpression upregulated plant defenses,
including ROS biosynthetic oxidase RbohD and PR1, in
35S::EDR1 plants. Once NtEDR1 was knocked down, ROS
was rarely produced in irEDR1 plants. Furthermore, the agroinfiltration of CathB3 also induced H2O2 accumulation in tobacco
plants. These results suggest that EDR1-like is necessary for
the activation of ROS by plants that have been injected with
aphid CathB3.
In planta, general defensive messenger ROS, including H2O2,
are produced in the extracellular space of the apoplast and are
transferred to the cytoplasm by channel proteins [46]. However,
unlike the cytoplasm, the apoplast contains relatively few antioxidant enzymes that can counteract oxidation, and thus the
accumulation of H2O2 can persist for much longer. In addition,
apoplastic H2O2 can be systemically transmitted in phloem
[47]. Fluorescent microscopic analysis has previously revealed
that, under stressful conditions, ROS occur more prominently
in vascular bundles than in other tissues [48], which is consistent
with the results of the present study. Loss-of-function studies of
ROS accumulation in irRbohD and WT plants have suggested
that ROS production suppresses phloem feeding and eliminates
M. persicae population growth [49, 50]. ROS bursts in the apoplast of mesophyll cells and vascular tissue might be one of
the most effective plant defenses against aphid, owing to its association with modified phenol metabolism and lignin formation
[51, 52], which could inhibit aphid feeding. Thus, it appears that
the TA M. persicae lineage is capable of minimizing the excretion
of salivary CathB3, thereby preventing the stimulation of ROS
production in the vascular tissue.
The present study demonstrates that tobacco plants can
recognize a potential elicitor protein (CathB3) in aphid saliva
and can mount a defense against aphid feeding by triggering
ROS accumulation in the phloem in an EDR1-dependent
manner. It is likely that, during long-term co-evolution, some
aphid lineages have developed improved phloem feeding efficiency and have improved their fitness by releasing less CathB3
into plants during feeding. Nevertheless, knockdown assays of
CathB genes have been shown to reduce the survival and reproduction rates of TA aphids fed A. thaliana [4]. Thus, aphid CathB
genes may also be involved in other important physiological processes. This finding reveals a mechanistic basis for the differential feeding behaviors in two M. persicae lineages. The results of

the present study may shed light on the host range expansion of
polyphagous aphids.
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STAR+METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Rabbit polyclonal to beta Actin

Abcam

Cat#AB_8227; RRID:AB_2305186

Rabbit polyclonal anti-GFP antibody

Abcam

Cat#AB_69314; RRID:AB_1640178

Polyclonal Anti-Rubisco antibody

Abcam

Cat# ab117368;
RRID:AB_10902085

Antibodies

Mouse anti-His tag antibody

QIAGEN

Cat# 34440; RRID:AB_2714179

Rabbit polyclonal anti-GST antibody

Santa cruz

Cat#sc-459; RRID: AB_631586

Mouse monoclonal anti-Myc tag
antibody

Abcam

Cat#AB_32; RRID:AB_303599

Mouse monoclonal ANTI-FLAG
antibody

Sigma-Aldrich

Cat#F1804; RRID:AB_262044

Goat Anti-Rabbit IgG Polyclonal
antibody, Horseradish peroxidase
Conjugated

Millipore

Cat# AP307P; RRID:AB_92641

Goat Anti-Rabbit IgG (H+L) CY3conjugated antibody

Affinity Biosciences

Cat# S0011; RRID:AB_2844800

Rabbit polyclonal anti-CathB3
antibody

This paper

N/A

Agrobacterium tumefaciens (strain
GV3101)

N/A

N/A

Escherichia coli Rosetta2

Novagen

Cat # 71403-3

This paper

N/A

Bacterial and Virus Strains

Biological Samples
Aphid salivary gland
Chemicals, Peptides, and Recombinant Proteins
DAPI

Sigma-Aldrich

Cat#D9542

20 ,7’-dichlorofluorescein diacetate
(H2DCF-DA)

Cayman

Cat#20656

Critical Commercial Assays
RNA Easy Mini Kit

N/A

Absolutely RNA Nanoprep Kit

Agilent

Cat#400753

FastQuant RT Kit with gDNase

Tiangen

Cat#KR106

PowerUp SYBR Green Master Mix

Applied Biosystems

Cat#A25742

T7 RiboMAX Express RNAi System

Promega

Cat#P1700

Aphid transcriptome database

NCBI

SUB7554643

Nicotiana tabacum database

NCBI

SUB7634378

Deposited Data

Experimental Models: Organisms/Strains
Nicotiana tabacum W38

Shanghai genebreed Inc.

N/A

Nicotiana tabacum irEDR1

This study

N/A

Nicotiana tabacum 35S::EDR1

This study

N/A

Nicotiana tabacum irRbohD

[50]

N/A

Myzus persicae tobacco-adapted
lineage

Northwest A&F University

N/A

Myzus persicae non-tabaccoadapted lineage

Institute of Vegetables and Flowers,
Chinese Academy of Agricultural
Sciences

N/A

(Continued on next page)
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Continued
REAGENT or RESOURCE

SOURCE

IDENTIFIER

This Study

N/A

CathB3 in a pCAMBIA1301-35S
derived vector

This Study

N/A

CathB3 in a pCAMBIA1301-35SFLAG derived vector

This Study

N/A

EDR1 in a pCAMBIA1301-35S-MYC
derived vector

This Study

N/A

CathB3 in a pGBKT-7 derived vector

This Study

N/A

EDR1 in a pGADT-7 derived vector

This Study

N/A

CathB3 in a pSPYCE-35S derived
vector

This Study

N/A

EDR1 in a pSPYNE-35S derived
vector

This Study

N/A

PAtSUC2::CFP in a pCAMBIA2301
derived vector

This Study

N/A

PNtEDR::NtEDR1-GFP in a
pCAMBIA2301-osGFP derived
vector

This Study

N/A

GraphPadPrism software

GraphPad Prism(https://graphpad.
com)

RRID:SCR_015807

PASW Statistics

SPSS Inc

RRID:SCR_002865

Oligonucleotides
Primers are listed in Dataset S1
Recombinant DNA

Software and Algorithms

RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yucheng Sun (sunyc@
ioz.ac.cn).
Materials Availability
Materials generated in this study are available from the corresponding author on request.
Data and Code Availability
Sequencing data associated with the transcriptome of M.persicae and N.tabacum have been deposited in SRA:SUB7554643,
SUB7634378.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Plant and aphids
Nicotiana tabacum (genotype: W38) plants were used for all experiments and transformations. Seedlings were grown under a 16-h
(23 C)/8-h (21 C) light/dark photoperiod with 400 mmol m-2 s-1 of active radiation supplied during the light period. The irRbohD plants
were generated as described previously [50]. A tobacco-adapted lineage (TA) of M. persicae in dark red body color was obtained
from TX. Liu (State Key Laboratory of Crop Stress Biology on the Arid Areas, Northwest A&F University, Yangling, Shaanxi, China)
and originally collected from tobacco field. A non-tabacco-adapted lineage (NTA) of M. persicae in green body color was obtained
in the greenhouse of Institute of Vegetables and Flowers (Chinese Academy of Agricultural Sciences, Beijing), where it was feeding
from cabbage. The TA and NTA nymphal instars from one parthenogenetic female were reared on N. tabacum and Brassica rapa
seedlings respectively in photoclimatic chambers for more than 30 generations before experiments were initiated. Furthermore,
the two aphid lineages are genotyped at biannually to ensure maintenance of clonal integrity. The two aphid lineages are genotyped
at six loci: M40 (forward primer labeled with VIC, M40-for-VIC) and M63 (M63-for-6-FAM); myz2 (reverse primer labeled with PET,
myz2–rev-PET), myz9 (myz9-for-VIC), myz25 (myz25-for-NED), and S17b (S17b-for-NED). All six loci are amplified in a single multiplexed PCR reaction according to [53].Generation of transgenic plants
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For the generation of irEDR1 plant, the EDR1-like gene fragment, amplified with the forward primer 50 -TTGAGTTCCTTTCATTCGT30 and the reverse primer 50 -CCTCTTTGACATTTCTTCTG-30 , was inserted into the pCAMBIA2301 transformation vector in an inverted-repeat orientation. For the generation of EDR1-overexpressed 35S::EDR1 plant, the CDS sequence of EDR1-like gene was
obtained by PCR and by forward primer 50 -CCAAGCTTATGTCCAAAATGAAGCATTTA-30 and the reverse primer 50 -GGGGTA
CCTTATTGCTGATTTGTACAAGTT-30 . The CDS of EDR1-like gene was under the control of the double-enhanced Cauliflower mosaic
virus 35S (CaMV 35S) promoter and ligated into pCAMBIA2301. To generate PNtEDR1::NtEDR1-GFP plant, the EDR1-like genomic
sequence including a native EDR1 promoter of 2154 bp in length and the cDNA were PCR amplified and cloned into pCAMBIA2301-osGFP. The stable transgenic plants: irEDR1, 35S::EDR1, PNtEDR1::NtEDR1-GFP were generated through Agrobacterium-mediated transformation as described by [54]. Seedling hypocotyls were cut into 3-mm pieces with a scalpel that had been
dipped in the Agrobacterium suspension. After callus induction and selection, light green shoots began to develop. The callus
with shoots was sub-cultured every 3 weeks until plantlets formed. Plantlets were sub-cultured onto a rooting medium every 3 weeks
until roots appeared, after which plants were carefully removed from the gel and planted in soil used for further experiments. Ten
plants of each genotypes: irEDR1, wild-type and 35S::EDR1, were observed to check the flowering every day since grown for
2 months.
METHOD DETAILS
Transcriptome sequencing and annotation of the assembly
To determine differentially expressed genes in the head of TA and NTA aphid, six 4-leaf N. tabacum was randomly selected, and each
of three plants were infested with twenty apterous, 4th instar TA nymphs and other three plants were infested with twenty apterous, 4th
instar NTA nymphs . After 24 h, the heads of each twenty aphids were isolated from the rest of the body for further RNA extraction.
Each RNA pool contained twenty nymphs. For each aphid lineage, three pools per treatment were sequenced. To determine differentially expressed defensive genes of wild-type N. tabacum in response to TA versus NTA aphid infestation, nine 4-leaf N. tabacum
was randomly selected, and the fourth leaf from the base of the shoot of three plants were infested with twenty apterous, 4th instar TA
nymphs and other three plants were infested with twenty apterous, 4th instar NTA nymphs. After 24 h, the infested and uninfested
fourth leaves of each plant were removed for further RNA extraction. To determine differentially expressed defensive genes of
N. tabacum when knock-down EDR1-like and overexpress EDR1-like gene, three 4-leaf N. tabacum of each genotype (irEDR1,
wild-type and 35S::EDR1) was randomly selected, and the fourth leaf from the base of the shoot of each plant were removed for
further RNA extraction. Each RNA pool contained one leaf. Three pools per treatment were sequenced.
The clean data were obtained by removing low quality reads from the raw data with htseq-count software [55]. After quality
control, paired-end clean reads were aligned to the reference genome downloaded from NCBI (M. persicae: ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/001/856/785/GCF_001856785.1_MPER_G0061.0/GCF_001856785.1_MPER_G0061.0_genomic.fna.gz;
N.tabacum: https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/715/135/GCF_000715135.1_Ntab-TN90_genomic.fna.gz). Cufflinks
(v2.1.1) was used to calculate the FPKM (expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs
sequenced) values of mRNAs in each sample [56]. We identified differentially expressed genes with DEseq using per gene expected
counts for each sample generated by FPKM [55]. Genes were considered differentially expressed between the two treatments if P
value p < 0.05 after accounting for a 10% FDR according to the Benja-mini–Hochberg procedure and if a fold change in expression >
2.0 was observed. All raw data was uploaded in the .fastq format and stored in the SRA database at the NCBI, with the accession
number SUB7554643, SUB7634378.
Aphid saliva determination by LC-MS
To collect saliva, two M. persicae lineages were adapted to feed on the artificial diet for 2 days. In detail, each of 50 adults were transferred from the plant to a PVC tube covered on top with a double layer of Parafilm (Brand GMBH, Wertheim, Germany) with 150 ml
sterile water for 24 h under yellow light at 23 C. The liquid content of the watery saliva was collected with a fine pipette tip. Each sample was collected from approximately 5,000 aphids. For each aphid lineage, three samples were collected. Saliva was digested for
further mass spectroscopy analysis.
Automated 2D nanoflow LC-MS analysis was performed using LTQ tandem MS (LC-MS/MS) (Thermo Electron Corporation, San
Jose, CA) employing automated data-dependent acquisition as described in [16]. Raw data were extracted and searched using
Spectrum Mill (Agilent, version B.04.00). The filtered MS/MS spectra were searched against with a predicted M. persicae proteome
in UniProtKB database.
Antibody preparation and protein expression
The sequence encoding mature protein of CathB3 was cloned into the pET-B2M expression vector to express the protein fused with
HIS-tag. The recombinant plasmid was transferred to E. coli strain Rosetta 2. The fusion protein was induced by 0.1 mM Isopropyl-D1-Thiogalactopyranoside (IPTG) in 37 C for 4 h. The soluble fusion protein was purified, polyclonal antiserum was raised by immunizing rabbits with the purified fusion protein, and then polyclonal anti-CathB3 antibody was purified on protein A agarose from
antiserum.
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Western blot
To detect CathB3 protein in leaves, phloem sap of NTA aphid infested plants as well as aphid uninfested leaves, western blot was
performed using purified polyclonal anti-CathB3 antibody. N.tabacum (4-week-old) were infested with 500 NTA aphids for 2 days,
and then aphids were removed carefully from each leaf, and leaves were washed by water for 3 times. Four leaves with petioles
in each plant were cut off and phloem exudates were obtained using EDTA exudation method according to [22]. CathB3 in aphid
salivary gland and CathB3-expressed plant leaves were also detected by western blot using purified anti-CathB3 polyclonal antibody. To detect the EDR1-like protein in the PNtEDR1::NtEDR1-GFP plant of N. tabacum, western blot was performed using purified
anti-GFP antibody. The protein samples, including 100 mg protein extracted from aphid salivary gland, plant leaves and plant phloem
sap, were isolated by 15% SDS-PAGE and transferred onto a Polyvinylidene Fluoride (PVDF) membrane. PVDF membrane was
blocked with 5% dry milk for 2 h at room temperature, and then incubated with purified polyclonal antibody (1:500 dilution) overnight.
The antigen-antibody complexes were visualized using a goat anti-rabbit IgG-conjugated horseradish peroxidase (HRP) antibody
(Millipore) at a 1:10000 dilutions.
Aphid salivary gland preparation and Immunohistochemical
Immunohistochemical (IHC). M. persicae salivary glands were dissected on sterile glass slides in ice-cold PBS using sterile fine needles. The salivary glands were dissected and separated from the aphid bodies following the methods of [57]. The dissected salivary
glands were washed three times in PBST (PBS with 0.2% Triton X-100), and fixed in Bouin’s fixative (71% saturated picric acid, 24%
formaldehyde, 5% glacial acetic acid) for 10 min at room temperature in a humidified chamber. The glands were washed extensively
with PBST and incubated with primary antibody (polyclonal anti-CathB3 antibody) at 1:100 dilution overnight at 4 C. The glands were
then washed three times at 15 min intervals with PBST and blocked with 5% normal goat serum in PBST for 1 h, washed three times at
15 min intervals with PBST, and incubated with secondary antibody Goat Anti-Rabbit IgG CY3-conjugated antibody (Affinity Biosciences) at 1:500 dilution overnight at 4 C. The glands were then washed extensively with PBST at 15 min intervals. Nuclei were stained
by using DAPI (Sigma-Aldrich, Co., St.Louis, MO, USA) at 5 mM for 30 min in dark at room temperature. Glands were washed extensively with PBST and mounted on mounting media (Gel/Mount; Biomeda Corporation, CA, USA) on a glass slide. Photographs were
taken with Zeiss LSM710 laser confocal microscope (Zeiss, Germany).
Knock-down of CathB3 in NTA aphid
A 230 and 439 bp dsRNA of CathB3 and green fluorescent protein (GFP), respectively, were generated using T7 RiboMAX Express
RNAi System (Promega, Madison, WI, USA) and purified using Wizard SV Gel and PCR Clean-Up System following the manufacturer’s protocol (Table S6). Microinjection of 32.2 nL of dsRNAs at 8 mg/ml was delivered into hemolymph from dorsal abdomens
through a glass needle at slow speed using Nanoject II (Drummond Scientific Company, Broomall, PA, USA). 5 aphids in each sample
were collected 48h after injection of dsRNA for testing inhibition efficiency of CathB3 transcription in aphid whole bodies and 100
salivary glands of aphids in each sample were collected 48h after injection of dsRNA for testing inhibition efficiency of CathB3 transcription in aphid salivary gland using qPCR. Five biological replicates were included. 30 heads of aphid in each sample were
collected 48h after injection of dsRNA for testing the change in protein level of CathB3 in heads (containing salivary glands) 48h after
injection of dsRNA by western blot analysis. Five biological replicates were included.
Transient overexpression of CathB3 in tobacco
The sequence corresponding to the ORF encoding the mature protein of CathB3 was amplified and ligated into binary vector pCAMBIA1301-35S to generate a 35S::CathB3 recombinant vector (Table S6). The recombinant vector was validated by sequencing and
transformed into Agrobacterium tumefaciens strain GV3101. When recombinant A. tumefaciens strains were grown in LB medium
(50 mg/L Kan, 50 mg/L Rif) at 28 C to an OD600 of 0.6, the cultivated cells were collected by centrifuging and resuspended in infiltration buffer (10 mM MES, 10 mM MgCl2, 200 mM acetosyringone, pH5.7) to OD600 of 1.0. Three hour after re-suspension, leaves of
tobacco at the four-to-five true leaf stage were infiltrated with A. tumefaciens. Tobacco leaves (the infiltrated area) were harvested
48h for RNA isolation and cDNA synthesis. The cDNA samples were subjected to PCR reactions to detect the overexpression of
CathB3 gene. Primers used for CathB3 detection are listed in Table S6. For quantification of defense-related marker genes, tobacco
leaves (the infiltrated area of the third leaf from the top) were harvested 48 h after infiltration and analyzed as described later.
Aphid survival rate and mean relative growth rate (MRGR) measurement
Three independent experiments were performed to determine aphid survival rate: (1) survival rate of TA versus NTA aphids reared on
wild-type N. tabacum plant; (2) survival rate of dsGFP versus dsCathB3 NTA aphids on wild-type N. tabacum plant; (3) survival rate of
TA aphids reared on CathB3-expressed versus empty vector inoculated plants. 30 adult individuals in each group were injected and
placed in the microcages (5 aphids per cage) clipped on the abaxial face of N. tabacum leaves. Survival aphids were transferred with
a small soft brush to new leaves in each cage every day, and the new born aphids were removed. The survival rate of NTA and TA
aphids were monitored daily for 20 days. Survival rate of dsGFP and dsCathB3 NTA aphid as well as TA aphid reared on CathB3expressed and empty vector inoculated plants were monitored daily for 8 days.
Two independent experiments were conducted to determine the MRGR of aphids: (1) TA versus NTA aphids reared on wild-type
N. tabacum plant; (2) dsCathB3 versus dsGFP NTA aphids on wild-type N. tabacum plant. 30 newly hatched 3rd instar nymphs in each
group were weighed with an automatic electrobalance before and after feeding on associated plants for 3 days. Five biological
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replicates were included. The mean relative growth rate (MRGR) was calculated as previously described [58]: MRGR = (lnW2-lnW1)/t,
where W1 is the initial weight, W2 is the final weight, and t is the time in days between weighing.
Aphid feeding behavior detected by electronic penetration graph (EPG)
The feeding behavior of M. persicae were studied via EPG analysis (Manual-Giga-8d.pdf http://www.epgsystems.eu/downloads,
section Manuals). All aphids were subjected to a 1 h pre-acquisition starvation period before the beginning of a determination.
One apterous adult M. persicae was placed on a single leaf, and its feeding behavior was monitored. An eight-channel amplifier
simultaneously recorded eight individual aphids on separate plants for 8 h. Waveform patterns in this study were scored according
to described categories: non penetration (NP); intercellular apoplastic stylet pathway in which the insects show a cyclic activity of
mechanical stylet penetration and secretion saliva (C); short intracellular punctures (pd); secretion of saliva into phloem sieve elements at the beginning of the phloem phase (E1); and passive phloem sap uptake from the sieve element, i.e., phloem ingestion
(E2) [59]. Furthermore, three EPG parameters were considered relevant to plant phloem resistance: (1) time to first phloem ingestion
(a prolonged period before the phloem ingestion is thought to indicate that the aphid is expending time overcoming plant resistance);
(2) the average duration of each phloem ingestion (a shorter period of each phloem ingestion indicate that the resistance in plant
phloem prevent aphid feeding in phloem); (3) Total time spent in phloem ingestion. The EPG analysis was based on data collected
from 20 aphids for each plant or aphid treatment.
ROS analysis
H2O2 production was determined according to previous studies [60]. To localize H2O2 in CathB3 expressed or non-expressed leaves,
we vacuum-infiltrated leaves from each treatment with the fluorescent probe 20 ,70 -dichlorofluorescein diacetate (H2DCF-DA), a fluorescent dye precursor for H2O2, in pH 7.4 phosphate buffer in a closed syringe for 10-30 s. The leaves were then placed in the dark for
45 min. The localization of the fluorescent probe in tobacco leaves was visualized using a Zeiss LSM710 laser confocal microscope
(Zeiss, Germany). The leaf adaxial side faced the 488 nm argon laser excitation. Fluorescence emission was observed through a band
at 510-550 nm for DCF and 650-750 nm for the red fluorescence of chloroplasts [61]. The images were analyzed using imaging system software.
Biochemical and functional analysis of the interaction between CathB3 and EDR1-like protein
CO-IP-MS
The CDS sequence of full-length CathB3 was amplified and inserted into vector pCAMBIA1301-35S-FLAG (Table S6).The recombinant vector was validated by sequencing and transformed into Agrobacterium tumefaciens strain GV3101. To identify CathB3-interacting plant proteins, CathB3-FLAG was transiently expressed in N. tabacum, the total protein of tobacco leaves was extracted with
Co-IP buffer. The supernatant was filtered through a 0.22 mm low-protein binding filter (Millipore, Temecula, CA, USA) and incubated
with 50 mL anti-FLAG agarose beads (Sigma-Aldrich Co., St.Louis, MO, USA). The mixture was incubated for 4 hr, and the immunocomplex was washed essentially as described [62]. Immunocomplexes were eluted in 100 mL 1 mg/ml FLAG peptide. The eluted
proteins were loaded onto a single lane on a 4%–10% SDS-PAGE gel. Proteins were digested in-gel with sequencing grade trypsin
(10 ng/mL trypsin, 50 mM ammonium bicarbonate [pH 8.0]) at 37 C overnight. Peptides were sequentially extracted and analyze with
Agilent 1100 series binary pumps system (Agilent Technologies, Palo Alto, CA, USA). Database searches were performed on an inhouse Mascot server (Matrix Science Ltd., London, UK) against IPI (International Protein Index) tobacco protein database.
CO-IP
The CDS sequence of full-length EDR1-like gene was amplified and inserted into vector pCAMBIA1301-35S-MYC (Table S6).
CathB3-FLAG and EDR1-MYC were expressed in N. tabacum and total protein was extracted for Co-IP with the extraction buffer
(50 mM HEPES [pH 7.5], 150 mM KCl, 1 mM EDTA, 0.5% Trition-X 100, 1 mM DTT, proteinase inhibitor cocktail). For anti-FLAG
IP, total protein was incubated with 50 mL agarose-conjugated anti-FLAG antibody for 4 hr and washed seven times with washing
buffer (50 mM HEPES [pH 7.5], 150 mM KCl, 1 mM EDTA, 0.5% Trition-X 100, 1 mM DTT). The bound protein was eluted with 60 mL of
0.5 mg/ml FLAG peptide for 1 hr. For anti-MYC IP, the protein was pre-cleared with protein A agarose for 1 hr, followed by an incubation with 2 mg anti-MYC antibody (Abcam) and protein A agarose for 4 h. After washing, the protein was separated by SDS-PAGE
and detected by anti-MYC and anti-FLAG immunoblot.
Pull-down assay
For GST pull-down assay, GST, GST-CathB3 and His-EDR1 were expressed in Escherichia coli and purified using the glutathione
agarose beads (GE Healthcare). 5 mg His-EDR1 and 10 mg each GST, GST-CathB3 were incubated with 30 mL glutathione agarose
beads in a buffer containing 25 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 1 mM DTT for 1 h. The beads were washed seven times with
the washing buffer containing 25 Mm Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM DTT, and 0.1% Trition-X 100. Beads were washed five
times with GST-pull down buffer before they were resuspended with loading buffer and boiled. Samples were loaded onto 10% SDSPAGE gels and transferred to a nitrocellulose membrane. Membranes were blocked with 5% non-fat dry milk and 1% BSA for 1 hour
at room temperature. Membranes were washed with PBS-T (PBS/0.1% Tween 20) and incubated with mouse antibody against 6xHis
tag (1:2,000; QIAGEN) and rabbit antibody against GST tag (1:10,000; Santa Cruz) diluted in PBS-T with 2% BSA overnight at 4 C.
Subsequently, membranes were incubated with secondary antibodies for 1 hour at room temperature before scanning.
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Yeast two-hybrid assay (Y2H)
The CDS sequences of full-length CathB3, CathB3 N-terminal propeptide domain, and CathB3 C-terminal peptide domain
were amplified and ligated into vector pGBKT-7 (BD), and the CDS sequences of full-length EDR1-like gene, full-length LOX2,
EDR1-like N-terminal domain, and EDR1-like C-terminal domain were amplified and ligated into vector pGADT-7 (AD) (Table S6).
Constructs used to test protein-protein interactions were co-transformed into yeast (Saccharomyces cerevisiae) strain AH109.
Co-transformation of pGBKT7-lam and pGADT7-T vectors was used as a negative control. The presence of transgenes in yeast cells
was confirmed by growing these cells on plates containing solid SD medium lacking Leu and Trp (SD/-2) in the present of 40 mg/L Xa-gal. To assess protein-protein interactions, transformed yeast cells were suspended in liquid SD/-2 medium to an OD600 of 1.0.
Samples (5 mL) of suspended yeast cells were spread on plates containing SD/-4 in the present of 40 mg/L X-a-gal. To detect proteinprotein interactions, plates were examined after 3 d of incubation at 30 C.
BiFC Assay
The bimolecular fluorescence complementation (BiFC) protocol used was based on the method of [63]. The BiFC expression vectors
pSPYNE-35S and pSPYCE-35S were constructed for fusing codons 1 to 158 or 159 to 238 of the yellow fluorescent protein (YFP) to
the 30 end of a gene of interest, respectively. The CathB3, CathB3propep, CathB3pep, EDR1 were amplified and ligated into vector
pSPYCE-35S and pSPYNE-35S, respectively. The constructs were respectively transferred into A. tumefaciens strain GV3101,
and cultures were used to infiltrate N. benthamiana leaves. Cultures containing pSPYNE-35S- and pSPYCE-35S-based plasmids
were mixed 1:1 immediately prior to infiltration. Leaf tissue was analyzed by microscopy approximately 36 h post infiltration using
Zeiss LSM710 laser confocal microscope (Zeiss, Germany). The excitation wavelength was 450-490nm and excitation wavelength
was 515nm for YFP fluorescence.
Co-locolization of CathB3 and plant EDR1-like protein
Constructs containing EDR1 fused with GFP and CathB3 fused with mKate driven by vector pCAMBIA1301-35S were infiltrated into
N. benthamiana leaf by agroinfiltration simultaneously (Table S6). Two days after infiltration, excised leaves were observed with Zeiss
LSM710 laser confocal microscope (Zeiss, Germany). The excitation wavelength was 488 nm for GFP and 463 nm for mKate. Emission was detected using 479–550 nm for GFP, 595-635 nm filter for mKate and 650-750 nm for the red fluorescence of chloroplasts.
Localization of EDR1-like protein
To detect EDR1-like protein in phloem, the phloem-specific AtSUC2 promoter-driven cyan fluorescent protein (CFP) was cloned in
pCAMBIA2301 to generate PAtSUC2::CFP recombinant vector. The recombinant vector was validated by sequencing and transformed
into A. tumefaciens strain GV3101. Leaves of PNtEDR::NtEDR1-GFP at the four-to-five true leaf stage were infiltrated with
A. tumefaciens. Two days after Agrobacterium-mediated transient expression, the infiltrated leaves were collected for detecting fluorescence. Imaging was conducted with Zeiss LSM710 laser confocal microscope (Zeiss, Germany). The excitation wavelength was
430nm for CFP and 488 nm for GFP. Emission was detected using 475 nm for CFP and 479–550 nm for GFP.
Real-time quentitative PCR
The RNA Easy Mini Kit (QIAGEN, Hilden, Germany) was used to isolate total RNA from N. tabacum leaves and aphid whole body, and
absolutely RNA Nanoprep Kit (Agilent Technologies, Palo Alto, CA, USA) was used to isolate total RNA from aphid salivary gland. 1 mg
of RNA was used to synthesize cDNAs. mRNAs of the following seven target genes were quantified by real-time quantitative PCR:
CathB3 from M. persicae; pathogenesis-related protein 1 (PR1), allene oxide cyclase (AOC), basic helix-loop-helix transcription factor
MYC2, callose synthase (Cal), respiratory burst oxidase homolog D (RbohD), and EDR1-like gene from N. tabacum. Specific primers
for each gene were designed from the N. tabacum sequences using PRIMER5 software (Table S6). The PCR reactions were performed in 20 mL reaction volumes that included 10 mL of 2 3 SYBRs Premix EX TaqTM (QIAGEN) master mix, 5 mM of each
gene-specific primer, and 1 mL of cDNA template. Reactions were carried out on the Mx 3500P detection system (Stratagene) as
follows: 2 min at 94 C; followed by 40 cycles of 20 s at 95 C, 30 s at 56 C, and 20 s at 68 C; and finally one cycle of 30 s at
95 C, 30 s at 56 C, and 30 s at 95 C. The melting curves were used to determine the specificity of the PCR products. A standard
curve was derived from the serial dilution to quantify the copy numbers of target mRNAs. The house-keeping gene b-actin was
used as the internal qPCR standard to analyze plant gene expression. The relative level of each target gene was standardized by
comparing the copy numbers of target mRNA with copy numbers of b-actin, which is supposed to remain constant under different
treatment conditions. The levels of b-actin transcripts in the control were examined in every PCR plate to eliminate systematic error.
The fold-changes of the target genes were calculated using the 2-DDCt normalization method. Each data was represented by four
biological replicates, and each biological replicate contained four technical repeats.
QUANTIFICATION AND STATISTICAL ANALYSIS
PASW Statistics 18.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. One-way ANOVAs were used to analyze gene
and protein expression of EDR1 in CathB3 and its derivatives expressed plants, and expressions of NtRbohD, NtPR and H2O2 production as well as the flowering time of EDR1-transgenic and wild-type plants. Tukey’s multiple range test analysis was used for pairwise comparisons of the difference among treatments (p < 0.05). The statistical analysis ofaphid feeding behaviors was determined
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by nonparametric Mann-Whitney U test (for two group comparison), and Kruskal-Wallis test (for more than two group comparison) at
p < 0.05. Comparison of aphid feeding behavior among three treatments was determined by using nonparametric at p < 0.05.
Student’s t tests were used to analyze MRGR, CathB3 gene expression, and plant gene expression between aphid lineage
treatments.
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