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Abstract

Herbivore-associated molecular patterns (HAMPs) enable plants to recognize herbivores and may help plants adjust their
defense responses. Here, we report on herbivore-induced changes in a protein disulfide isomerase (PDI) widely distributed
across arthropods. PDI from the spider mite Tetranychus evansi (TePDI), a mesophyll-feeding agricultural pest worldwide,
triggered immunity in multiple Solanaceae plants. TePDI-mediated cell death in Nicotiana benthamiana required the plant
signaling proteins SGT1 (suppressor of the G2 allele of skp1) and HSP90 (heat shock protein 90), but was suppressed by
spider mite effectors Te28 and Te84. Moreover, PDIs from phylogenetically distinct herbivorous and nonherbivorous arthro-
pods triggered plant immunity. Finally, although PDI-induced plant defenses impaired the performance of spider mites on
plants, RNAi experiments revealed that PDI genes are essential for the survival of mites and whiteflies. Our findings indicate
that plants recognize evolutionarily conserved HAMPs to activate plant defense and resist pest damage, pointing to oppor-
tunities for broad-spectrum pest management.

Introduction

Plants and herbivores are engaged in a constant arms race.
Piercing—sucking herbivores such as planthoppers, whiteflies,
and spider mites secrete salivary compounds when inserting
their stylets into phloem or mesophyll cells (van Bell and
Will, 2016), including effector proteins to suppress plant
defenses (Hogenhout and Bos, 2011). Many salivary effectors
that help suppress plant defenses have been identified, such
as MpC002 from aphids (Bos et al,, 2010), Bt56 from white-
flies (Xu et al, 2019), DNase Il and Vg from rice planthop-
pers (Huang et al, 2019b; Ji et al, 2021), and Te28 and Te84

from spider mites (Villarroel et al., 2016). Meanwhile, herbi-
vore saliva also contains many “elicitors” that induce plant
defense responses (Erb and Reymond, 2019). These elicitors
are collectively called herbivore-associated molecular pat-
terns (HAMPs; Snoeck et al, 2022). The first reported
HAMP, B-glucosidase, was isolated from the regurgitant of
the large white butterfly (Pieris brassicae; Mattiacci et al,
1995), while HAMPs from Hemipteran pests include mucin-
like protein (NIMLP) from the brown planthopper
(Nilaparvata lugens; Shangguan et al, 2018) and CathB3
from the green peach aphid (Myzus persicae; Guo et al,
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Conserved arthropod HAMP triggers plant defense

2020). Some HAMPs are relatively conserved in their ability
to induce responses across a range of plant species, such as
NI16 and NI32 in planthoppers (Rao et al, 2019), MP10 in
aphids (Bos et al, 2010), and GOX in caterpillar species
(Musser et al, 2002). Until now, only two mite-specific elici-
tors (called “tetranins” Tet1 and Tet2) from the spider mite
Tetranychus urticae have been reported to induce plant
defenses (lida et al, 2019), but conserved HAMPs have not
been identified from this pest group.

Plants have evolved a complex immune system to fend
off attacks from herbivores as well as pathogens. Cell
membrane- embedded pattern recognition receptors (PRRs)
can recognize pathogen-associated molecular patterns
(PAMPs) as well as HAMPs. The recognition of PAMPs
results in PAMP-triggered immunity (PTI; Monaghan and
Zipfel, 2012; Schwessinger and Ronald, 2012). Co-receptors
BAK1 (BRI1-associated kinase1) and SOBIR1 (suppressor of
BIR1-1) are the major modulators of PTI signaling. There is
growing evidence that many PAMPs, such as XEG1 (Ma
et al, 2015) and VmEO2 (Nie et al, 2019), require BAK1 to
trigger immune signaling. PRRs also occupy a fundamental
role in herbivore resistance in plants. The Arabidopsis bak1
mutant, for instance, decreases resistance to aphids because
of reduced reactive oxygen species (ROS) accumulation and
callose deposition (Prince et al, 2014). Apart from PTI,
plants develop nucleotide-binding leucine-rich repeat (NLR)
receptors to specifically recognize effectors in the cytoplasm,
ultimately resulting in effector-triggered immunity (ETI;
Jones and Dangl, 2006; Jones et al, 2016). Modulators of ETI
signaling include SGT1, HSP90, and RAR1 (required for
MIa12 Resistance 1) that mediate the stability of NLR pro-
teins (Mayor et al, 2007). In addition, nonrace-specific dis-
ease resistance 1 (NDR1) and enhanced disease
susceptibilityl (EDS1) are involved in NLR protein-mediated
signaling (Chen et al, 2021). These ETl-related signaling mol-
ecules participate in plant—herbivore interactions. For exam-
ple, SGT1 and HSP90 are required for Mi-1 in mediating
resistance of tomato (Solanum lycopersicum) plants against
aphids and whiteflies (Bhattarai et al., 2007). SGT1 also regu-
lates Nicotiana attenuata’s resistance to the chewing herbi-
vore Manduca sexta (Meldau et al, 2011). EDS1, an essential
component of the SA pathway, is necessary for the induc-
tion of defense genes in response to the oviposition of P.
brassicae (Gouhier-Darimont et al,, 2013). However, informa-
tion on the mechanisms involved in HAMP-induced im-
mune response by plants remains limited.

The tomato red spider mite, Tetranychus evansi Baker and
Pritchard, is a worldwide pest of Solanaceous crops and
causes enormous economic damage in many regions of the
world (Navajas et al, 2013). Tetranychus evansi is a cell-
content feeder that feeds on mesophyll cells with cheliceral
stylets (Alba et al, 2015). During feeding T. evansi sup-
presses defense in tomato plants by suppressing the down-
stream expression of the SA pathway, JA pathway, and
proteinase inhibitors (Sarmento et al, 2011; Alba et al, 2015;
Schimmel et al,, 2018). Tetranychus evansi contains effector
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proteins, such as Te28 and Te84, that suppress defenses and
thereby enhance mites performance on Nicotiana benthami-
ana (Villarroel et al, 2016). However, whether T. evansi has
HAMPs that activate plant defenses remains unknown.
Here, we build on previous work on the identification of sal-
ivary proteins from T. evansi (Huang et al,, 2019a) to identify
one protein, disulfide isomerase (PDI, most likely from mite
saliva), that acts as a HAMP and that is involved in plant—
arthropod interactions.

PDI is a multifunctional enzyme that acts as both a thiol-
disulfide oxidoreductase and a molecular chaperone in
many organisms (Khan and Mutus, 2014). The typical PDI
protein contains a signal peptide, two thioredoxin-like cata-
lytic domains (a and a’), two noncatalytic domains (b and
b’), two active site motifs (CGHC), and endoplasmic reticu-
lum (ER) retention signal (Narindrasorasak et al., 2003). PDIs
have been identified in pathogens (Meng et al., 2015), nem-
atodes (Zhao et al., 2020), insects (Fu et al,, 2021), and mites
(Zhu et al, 2018). Secreted PDIs of pathogens and nemato-
des function as a virulence factor during host infection, but
also induce plant immune responses. For instance, the PDI
from Phytophthora parasitica (PpPDI1) induces cell death in
N. benthamiana but enhances pathogen virulence during in-
fection (Meng et al., 2015). MiPDI1 from the root-knot nem-
atode Meloidogyne incognita, protects nematodes from
oxidative stress (Zhao et al., 2020). In the small brown plan-
thopper, Laodelphax striatellus, a secreted PDI (LsPDI1) acti-
vates plant immunity responses and contributes to plant
resistance against pests (Fu et al, 2021). However, how PDI
triggers plant immunity and the universality of PDI-triggered
immunity across arthropods remain unclear.

In this study, we found that TePDIl, a HAMP from T.
evansi, triggers plant defenses by inducing ROS burst, callose
deposition, and plant defense-related changes in gene ex-
pression. We show that TePDI induces defenses across differ-
ent plant species. We identify plant signaling components
and functional domains responsible for TePDl-induced cell
death, and we undertake an evolutionary analysis to show
that PDI proteins are conserved across arthropods and are
subject to purifying selection. We also demonstrate that
PDIs in nonherbivorous insects can activate plant defenses,
suggesting functional conservation of PDI proteins.

Results

Infestation of T. evansi activates defense responses
in N. benthamiana

To explore the interaction between T. evansi and plants, we
measured multiple indicators of plant defense after infesta-
tion of N. benthamiana by spider mites. Our results showed
that T. evansi infestation induced cell death (Figure 1A).
Compared with the uninfested controls, T. evansi-infested
leaves showed ROS accumulation (Figure 1B) and more cal-
lose deposition (Figure 1, C and D). In addition, the expres-
sion levels of SA (salicylic acid)-related genes NPR1
(nonexpressor of pathogenesis-related genes1) and PR7a
(pathogenesis-related protein 1a), and JA-related genes PR3
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Figure 1 Tetranychus evansi infestation induces cell death and defense responses. A, Infestation of T. evansi induced cell death in N. benthamiana.
Te-infested indicates N. benthamiana leaves that were infested by 30 T. evansi adults for 24 h and were stained with Trypan Blue. The control
treatment represents uninfested tobacco leaves. Scale bar = 50 mm. B, ROS accumulation in T. evansi-infested leaves and control leaves. Scale
bar = 50 mm. C and D, Callose deposition in N. benthamiana (C) and the area of callose spots on leaf discs (D). Scale bar = 200 um. n = 6. E,
Relative expression of plant defense-related marker genes in N. benthamiana leaves. Leaves were collected at 24 h after infestation by 30 T. evansi
mites. Relative gene expression was normalized to Nbrpl23 and calibrated to the levels of the controls (set as 1). n = 3. Asterisks represent statisti-
cally significant differences based on Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001); error bars represent sem.

(pathogenesis-related protein 3) and PR4 (pathogenesis-re-
lated protein 4) were significantly upregulated in leaves
infested by T. evansi relative to control leaves (Figure 1E).
These results indicated that T. evansi triggered plant defense
responses when feeding on N. benthamiana.

TePDI from T. evansi induces plant defense
responses

To identify key proteins that induce plant defense responses,
we screened the previously discovered 136 T. evansi salivary
proteins (Huang et al, 2019a). As is shown in the workflow
(Supplemental Figure S1A), we first considered 61 salivary
proteins containing signal peptides. Among these, 11 pro-
teins with transmembrane domains were removed. After re-
moving the redundant proteins, we finally selected 23

proteins from this group and cloned the coding sequences
(CDS) of each gene, inserted them into expression vectors
of Agrobacterium tumefaciens, and transiently expressed
them in N. benthamiana leaves to test if cell death occurs.
Among the 23 candidates (Supplemental Table S1), Tel6
and Te21 induced cell death in N. benthamiana leaves
(Supplemental Figure S1B). In addition, T. evansi expressed
significantly more Te21 after feeding on N. benthamiana
(Supplemental Figure S1D), which highlighted the impor-
tance of Te21 in mite-plant interactions. InterPro annota-
tion results showed that Te21 is a protein disulfide
isomerase (abbreviated as PDI), so we referred to Te21 as
TePDI.

Knowing that TePDI can induce cell death in N. benthami-
ana (Figure 2A), we further explored the plant defense-
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Figure 2 TePDl is an elicitor that induces defense responses. A, TePDI-induced cell death in N. benthamiana. Transient expression of TePDI, GFP,
INF1, and NIMLP in N. benthamiana. GFP was used as the negative control, INF1 and NIMLP were used as positive controls. The numbers of frac-
tion below the circle (e.g. 12/12) represent the number of leaves showing cell death from the total number of treated leaves. TePDI-induced cell
death occurs at 2 dpi and photographs were taken at 5 dpi and then leaves were stained with Trypan Blue. In B and E, detection of callose deposi-
tion and ROS accumulation in N. benthamiana. Leaves were infiltrated with A. tumefaciens carrying TePDI and GFP (B) or with purified 500-nM
TePDI and EV proteins (E). Scale bar = 200 um. EV indicates the empty vector control. DAB staining and Aniline Blue staining were performed 24
h after infiltration. In C and F, the relative expression of defense-related marker genes in N. benthamiana leaves. Leaves were collected at 24 h after
transient expression of TePDI and GFP (C) or collected at 6 h after infiltration of purified 500-nM TePDI and EV proteins (F). Relative gene expres-
sion was normalized to Nbrpl23 and calibrated to the levels of GFP or EV (set as 1). D, Leaves of eggplant, pepper, and tomato were infiltrated by
A. tumefaciens carrying TePDI, GFP, and INF1. Asterisks represent statistically significant differences based on Student’s t tests (*P < 0.05,

**P < 0.01, **P < 0.001); error bars represent sem, n = 3.

inducing roles of TePDI by testing ROS burst and callose de-
position. Transient expression of TePDI in N. benthamiana
leaves was confirmed with western blot analysis
(Supplemental Figure S1C). TePDI induced strong ROS and
callose accumulation in N. benthamiana leaves (Figure 2B).
In addition, the expression levels of SA-related genes (NPR1
and PR1a) and JA-related genes (PR3 and PR4) were signifi-
cantly upregulated in leaves expressing GFP-TePDlI relative to
GFP (Figure 2C). To see if TePDI-induced cell death occurred
in different species of plants, we transiently expressed TePDlI
in various plant leaves. As shown in Figure 2D, TePDI also
induced cell death in tomato, eggplant (Solanum melon-
gena), and pepper (Capsicum annuum), while INF1 only in-
duced cell death in pepper and eggplant.

To confirm the ability of TePDI to trigger plant defenses,
TePDI protein was expressed and purified from Escherichia
coli, and was used to infiltrate N. benthamiana leaves
(Supplemental Figure S1E). Again, more ROS accumulation
and callose deposition were detected in TePDl-infiltrated
leaves relative to those in the empty vector (EV)-infiltrated
leaves (Figure 2E). In addition, transcript levels of SA-related
genes (NPR1 and PR1a) and JA-related genes (PR3 and PR4)
were significantly higher in purified TePDl-infiltrated leaves
compared to the EV controls (Figure 2F). Together, these
results indicate that TePDI is an elicitor that can induce
plant defense responses.

The biological functions of TePDI during natural infesta-
tion of plants by T. evansi were also measured by testing
how plants responded to T. evansi feeding after silencing
TePDI. Reverse transcription quantitative—polymerase chain
reaction (RT-qPCR) results showed that TePDI transcripts
were significantly knocked down in dsTePDI-treated spider
mites (Supplemental Figure S2). In N. benthamiana plants,
infestation by TePDlI-silenced mites significantly reduced the
expression levels of SA genes (NPR1 and PR1a) and the JA-
related gene PR3 (Figure 3A). Similarly, in tomato plants, the
transcript levels of SA-related genes PR1a and PR1b (patho-
genesis-related protein 1b) were also significantly lower in
leaves infested by dsTePDI-treated mites than in control
leaves infested by dsRFP-treated mites (Figure 3C), but not
in JA-related genes JIP21 (jasmonate-inducible protein-21)
and LOXD (lipoxygenase D). In addition, we found the con-
tents of H,O, (endogenous ROS) in both N. benthamiana
and tomato leaves after infestation by dsTePDI-treated mites
were significantly lower than in the control treatments
(Figure 3, B and D). These results supported the key func-
tions of TePDI in inducing plant defense responses during
spider mite feeding.

TePDI promotes plant resistance to T. evansi
To confirm that TePDl-induced plant defenses enhance
plant resistance against herbivores, we checked the survival
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(*P < 0.05, **P < 0.01, **P < 0.001); error bars represent sem, n = 3.

and feeding preference of T. evansi on the TePDI-expressed
or GFP-expressed N. benthamiana leaves. Transient expres-
sion of TePDI in N. benthamiana decreased the survival of
spider mites compared with GFP-expressed leaves
(Figure 4A). In a dual-choice assay, more spider mites fed on
the GFP-expressed leaves relative to the TePDI-expressed
leaves at multiple observation points (Figure 4B). Similarly,
T. evansi had a lower survival on purified TePDI-treated
leaves than on the EV-infiltrated leaves (Figure 4C). Spider
mites preferred EV-infiltrated leaves as well (Figure 4D). In
sum, TePDl-induced responses decreased the plant’s attrac-
tiveness to, and survival of, spider mites.

TePDI-triggered cell death in N. benthamiana
requires SGT1 and HSP90

To determine plant regulators associated with TePDI-
mediated cell death, we knocked down the expression of
PTI- and ETl-regulating genes with a virus-induced gene si-
lencing (VIGS) assay in N. benthamiana (Figure 5A;

Supplemental Figure S3A). RT-qPCR analysis revealed that
the expression of these genes was considerably reduced in
silenced plants compared with control plants (Supplemental
Figure S3B). Unlike BAK1- and SOBIR1-dependent PAMP
INF1, TePDI induced cell death in both NbBAK1- and
NbSOBIR1-silenced leaves (Figure 5B), which means the
TePDl-triggered cell death is independent of NbBAK1 and
NbSOBIR1. We found many NLR protein-related signaling
components, such as RAR1, NDR1, and EDS1, were also not
required for TePDI-mediated cell death (Figure 5C). Only si-
lencing SGT1 and HSP90 genes in N. benthamiana abolished
TePDI-triggered cell death, suggesting that SGT1 and HSP90
are required for TePDl-induced cell death in N. benthami-
ana. In addition, the expression levels of SGT1 and HSP90
genes were both significantly upregulated after T. evansi
feeding on N. benthamiana leaves (Supplemental Figure
S3C). Tetranychus evansi survived better when feeding on
SGT1- and HSP90-silenced leaves than on GFP-silenced leaves
(Supplemental Figure S3D). Taken together, our results
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suggest that plants may deploy SGT1 and HSP90 to recog-
nize TePDI and induce resistance to T. evansi.

Effectors of T. evansi suppress TePDI-triggered plant
defenses

Since T. evansi can successfully infest N. benthamiana, we
hypothesized that the defense responses triggered by TePDlI,
including cell death, can be suppressed by T. evansi effectors.
To test this hypothesis, we transiently expressed known T.
evansi effector proteins and measured whether they could
suppress TePDl-induced responses in N. benthamiana. As
shown in Figure 6A, effectors Te84 (MH979724) and Te28
(KT156789) substantially inhibited TePDI-mediated cell
death, whereas the GFP control and the remaining effectors
did not. Similarly, ROS burst and callose deposition triggered
by TePDI could be suppressed by transiently expressing Te28
and Te84 in N. benthamiana (Figure 6, B and C).
Furthermore, relative to GFP, Te28 and Te84 reduced the
TePDI-induced gene expression of NPR1, PR1a, PR3, and
PR4, though it was not significantly different for NPR1

and PR1a (Figure 6, D and E). In contrast, Te19 (MH979721)
and Te128 (MH979711) failed in suppressing plant defenses
triggered by TePDI (Figure 6, F and G). These data indicate
that TePDl-induced immunity can be neutralized by spider
mite effectors.

Functioning of TePDI requires thioredoxin domains
a, b, and b’

TePDI has four thioredoxin domains (a, b, b/, and a’) and an
ER retention signal (KDEL). To define the key regions re-
quired for the cell death-inducing activity of TePDI, we gen-
erated a series of deletion mutants (Figure 7A). Only the
mutant with deleted a’ continued to trigger cell death, indi-
cating that the three domains (a-b-b’) are required for
TePDI to induce cell death. Subcellular localization assays
showed that the green fluorescent signals representing
TePDI with the signal peptide exclusively localized at the
plasma membrane (Supplemental Figure S4), while TePDI
without signal peptide and other deletion mutants localized
at the nucleus and cytoplasm (Figure 7B). Intriguingly,
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SGT1-, HSP90-, RAR1-, NDR1-, and EDS1-silenced N. benthamiana leaves (C). GFP and INF1 were the controls. The numbers of fraction below the
circle (e.g. 10/10) represent the number of leaves showing cell death from the total number of treated leaves. Agrobacterium was infiltrated at an

ODgqo of 0.3 and photographs were taken at 5 dpi.

another PDI family member in T. evansi, named TePDI2, did
not induce cell death when transiently expressed in N. ben-
thaminana (Figure 7C). TePDI2 also possesses a signal pep-
tide, four thioredoxin domains, and ER retention signal.
However, TePDI2 shared only 33% protein sequence similar-
ity with TePDI (Supplemental Figure S5). Protein sequence
alignments indicate that the sequence similarity of the b
and b’ domains of TePDI compared to those of TePDI2 is
relatively low (Supplemental Figures S5 and Figure S6).

Arthropod PDIs are highly conserved in activating
plant defenses

The finding that TePDI-induced cell death is present in
many plant species suggests that dialog between TePDI and

plants may be ancient. We therefore analyzed the phylogeny
and evolutionary rate of CDS of this protein across arthro-
pods. PDI homologs are clustered in distinct groups that fol-
low the broader arthropod groupings of Arachnida (spiders,
ticks, and mites), Malacostraca (crabs, shrimps, lobsters and
isopods), and Insecta (insects; Supplemental Figure S7).
Protein sequence alignments show that PDI domains are
conserved among various groupings of arthropods
(Supplemental Figure S6). These results suggest that PDI is
an ancient and conserved protein across the arthropods.
Transient expression assay showed that, apart from TePD|,
PDIs from other Tetranychus species of spider mites, T. urti-
cae and T. truncatus, also induced cell death and ROS burst
in N. benthamiana leaves (Figure 8B), suggesting that PDlIs
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Figure 6 Suppression of TePDI-mediated cell death and defense responses by T. evansi effectors. A, Suppression of TePDI-induced cell death in N.
benthamiana leaves by agroinfiltration of T. evansi effectors or GFP. + TePDI and -TePDI indicate leaves agroinfiltrated with and without TePDI
respectively at 24 h after effector agroinfiltration in the same area. Leaves were photographed at 3 dpi and then stained with Trypan Blue. The
numbers of fraction below the circle (e.g. 8/8) represent the number of leaves showing cell death from the total number of treated leaves. B, C,
Suppression of TePDI-induced ROS (B) or callose deposition (C) in N. benthamiana leaves by agroinfiltration of T. evansi effectors. Scale bar = 200
pum. D-G, The transcript level of PR-related genes in the N. benthamiana leaves. Leaves were agroinfiltrated with candidate effectors Te84 (D),
Te28 (E), Te128 (F), Te19 (G), or GFP and 24 h later in the same area with TePDI, and then were collected 24 h after TePDI treatment. Relative
gene expression was normalized to Nbrpl23 and calibrated to the levels of GFP (set as 1). Asterisks represent statistically significant differences
based on Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001). Error bars represent sem, n = 6.

may have important primary physiological functions that  sucking insect L. striatellus also induces plant defense (Fu
outweigh the costs of inducing cell death and/or the mainte- et al, 2021), we hypothesized that the ability of plants to
nance of effectors. Because LsPDI1 from the plant sap-  detect PDI is a broad-spectrum trait. We therefore cloned
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illustration for structural domains of TePDI2.

the PDI gene from a wide range of feeding guilds
(Figure 8A) including Bemisia tabaci, a Hemipteran pest
that sucks plant phloem sap, Spodoptera frugiperda, a
Lepidopteran pest that chews on plant leaves, Drosophila
melanogaster, a Dipteran insect that feeds on spoiled fruits,
Anopbheles stephensi, a Dipteran pest that sucks mammalian
blood, and Haemaphysalis longicornis, an Acaria tick that
sucks mammalian blood. Our results showed that, despite
having different feeding modes, the herbivorous B. tabaci
and S. frugiperda both had PDIs that triggered cell death
and ROS accumulation. Intriguingly, PDI homologs in sa-
prophagous flies (fruit flies) and sanguivorous arthropods
(ticks and mosquitoes) also triggered plant defense
responses (Figure 8B), even though the PDIs of these spe-
cies may never come in contact with live plant cells. In ad-
dition, DmPDI and SfPDI more strongly induced the
expression of PR-related genes (NPR1, PR1a, PR3, and PR4)
than the GFP control (Supplemental Figure S8). These find-
ings indicate that PDI being perceived as a HAMP by plants
is not limited to herbivores but extends to other nonphy-
tophagous arthropods.

To gain insights into selection patterns on PDI, we com-
puted ® (dN/dS) values, which indicate the ratio of nonsy-
nonymous (dN) to synonymous (dS) substitution rates. The
codeml program from the PAML package showed the global
dN/dS of PDI among arthropods to be 0.067 (k1)
(Supplemental Figure S7). We examined the null and alter-
native models of codon substitutions [M1a versus M0, M1a
versus M2a, and M7 versus M8] (Supplemental Table S2).
All models indicated that the dN/dS value was very small
and that positive selection sites were absent. We also ana-
lyzed 496 single-copy ortholog groups from 15 published
genomes of Arachnida and Insecta members (Figure 8A)
and found a dN/dS value of PDI smaller than that of 78.2%
of genes that encode conserved single-copy putative ortho-
logs (Figure 8C). These results suggest that PDI has evolved
under strong purifying selection, and also point to the likely
importance of PDIs in core arthropod biological processes.

PDlIs are required for herbivore performance
To obtain more insights into PDI, we analyzed the expres-
sion pattern of TePDI in T. evansi. TePDI was expressed
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across the life stages of T. evansi and its transcripts did not
differ in the posterior and anterior parts of its body
(Figure 9, A and B). Whole-mount fluorescence in situ hy-
bridization results showed that TePDI was expressed in the
anterior prosomal glands and other parts of the T. evansi
body (Figure 9C), while the negative control (sense probe)
did not hybridize with any tissues (Figure 9D). This implies
that TePDI is not only a salivary protein but may also be re-
quired for mite development. To test whether PDI is impor-
tant for herbivore biology, we performed RNAi on T. evansi
and B. tabaci and were successful in knocking down PDI
transcripts in  both species (Supplemental Figure S9A).
Spider mites treated with dsTePDI showed significantly lower
fecundity and lower survival than the dsRFP control group
(Figure 9, E and F). Similarly, the survival rate of BtPDI-si-
lenced whiteflies significantly decreased after 4 days of
dsRNA treatment (Supplemental Figure S9B), although no
significant difference in fecundity was detected between

dsRFP- and dsBtPDI-fed whiteflies (Supplemental Figure
S9C). These results point to the importance of PDIs in herbi-
vores for survival and for maintaining reproductive
performance.

Discussion

Recent in-depth genomic and proteomic analyses have pro-
vided growing evidence that HAMPs affect numerous pro-
cesses in plants (Rao et al, 2019). In this study, we show
that PDI is a protein conserved across arthropods that di-
verged more than 2.5 million years ago and that PDI puta-
tive orthologs are generally perceived as HAMPs by plants,
triggering defense reactions. Our results help to build an un-
derstanding of how plants recognize herbivores, and how
herbivores in turn suppress them. The results also provide
insights into the interplay between HAMPs and effectors
during plant—herbivore co-evolution.


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac489#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac489#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac489#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac489#supplementary-data

A B

< 3.57 o 1.2- ns

S < > —

2 3.0 2

5 5

E_ 2.5- a a ]

5 2.0 =

g ;

S 1.5- b 5

= E

1.0

2% 2

T 0.5- ©

[ [

& 0.0- X o.

embryo larvae nymph adult anterior  posterior

Cc D

E - F
B 324 __100-
§ 28 =
D 24- 5 807
~ o
o 207 3 60-
T 16 b~
£ .
Q@ 124 o 401
- -
S g- S
o = i
5 . S 20
> @
w o 0
dsRFP dsTePDI dsRFP dsTePDI

Figure 9 TePDI is required for normal performance of T. evansi. Relative expression abundance of TePDI at different developmental stages (A)
and different tissues (B) in T. evansi. The TeATPase gene was selected as the internal control. n = 6. C and D, Whole-mount fluorescence in situ hy-
bridization of TePDI transcripts in T. evansi. Spider mites were hybridized with digoxigenin (DIG)-labeled antisense probe and FastRed as substrate.
The fluorescent signals represent the location of TePDI (C). The anterior salivary glands were indicated by arrows. Sense probe of TePDI was used
as the negative control (D). Scale bar = 50 pm. E and F, The fecundity and survival rate of dsRNA-treated spider mites. The dsRFP-treatment was
the control. n = 26. Different letters indicate statistically significant difference following a one-way ANOVA and Tukey’s post hoc test (P < 0.05).
Asterisks at the top of the bars indicate statistically significant differences based on Student’s t tests (*P < 0.05, **P < 0.01, ***P < 0.001); ns, not
significant. Error bars represent SEM.

Consistent with a previous report (Paulo et al, 2018) upregulated the expression levels of SA- and JA-related
showing that T. evansi suppressed plant defenses in tomato  genes in N. benthamiana. This suggests that T. evansi may
and bean, but activated defenses in tobacco (N. tabacum),  activate N. benthamiana defense responses by releasing sali-
our results showed that T. evansi infestation significantly ~ vary proteins. After screening several salivary proteins, we
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identified TePDI, which strongly induced cell death, ROS ac-
cumulation, and callose deposition in N. benthamiana leaves
(Figures 2 and 3). ROS accumulation and callose deposition
are induced by herbivores and recognized as signaling mole-
cules of plant defense deployment (Shangguan et al, 2018).
Furthermore, TePDI induced the expression of genes associ-
ated with SA and JA signaling pathways (Figures 2 and 3),
which participate in the interaction between T. evansi and
plants (Alba et al, 2015). Overall, the recognition of TePDlI
enhanced N. benthamiana resistance to T. evansi (Figure 4).

TePDI is a secreted spider mite HAMP probably originat-
ing from their saliva. The defense reaction elicited by TePDI
shares common features with defense responses shown by
well-known PAMPs (Ma et al, 2015; Nie et al,, 2019). In par-
ticular, TePDI-mediated plant defense requires SGT1 and
HSP90 (Figure 5), which play key roles in plant recognition
of PAMPs (Bos et al, 2006; Nie et al, 2019). SGT1 and
HSP90 are structurally and functionally conserved (co-)chap-
erone complexes and are involved in plant resistance against
aphids and whiteflies (Bhattarai et al, 2007). Our results
demonstrated that knocking down SGT71 and HSP90 de-
creased plant resistance to spider mites. Thus, we speculate
that resistance against herbivores produced by SGT1 and
HSP90 may be broad-spectrum. In addition, SGT1 and
HSP90 are key elements in plant perception of pathogens
(Shirasu, 2009). SGT1 and HSP90 are also required for the
activation of cell death by pathogen effectors PiNPP1.1 and
AVR3a in Phytophthora infestans, as well as PAMPs INF1
and VmEO2 (Bos et al, 2006; Kanneganti et al, 2006; Nie
et al, 2019). These findings suggest that SGT1 and HSP90
are hubs in plant defense networks and imply that PAMP-
triggered and ETI are tightly associated (Yuan et al, 2021).
However, TePDI-mediated cell death is not dependent on
the plant co-receptors BAK1 and SOBIR1, indicating that
TePDI may be recognized by other co-receptors on the cell
membrane, or possibly be recognized by plant pathways dis-
tinct from PAMP recognition.

The interaction between herbivores and plants is an ex-
ample of a “predator-prey” type model, where both parties
evolve to counter each other’s evolutionary changes. To deal
with plant defenses, herbivores have evolved mechanisms to
secrete effectors that inhibit HAMP-triggered immunity and
thereby facilitate their utilization of plants. Our results show
that effectors Te28 and Te84 can inhibit cell death and de-
fense responses triggered by TePDI (Figure 6). Te28 and
Te84 were previously reported to inhibit SA and JA response
and promote spider mite fecundity in N. benthamiana
(Villarroel et al, 2016; Schimmel et al, 2017). In addition,
some effectors are conserved in plant-sap sucking species,
such as the effector Armet in aphids and whiteflies (Cui
et al, 2019 Du et al, 2022), Mp10 homologs in diverse
plant-sap sucking insect species and earlier diverged species
(Drurey et al, 2019), and Te28 in spider mites (Villarroel
et al, 2016). This suggests that some effectors may have
evolved to manipulate conserved plant targets and, possibly
in concert with host-specific effectors, to counteract
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conserved HAMP-recognition mechanisms of plants. This
leads to a complex co-evolutionary scenario involving
broad-spectrum surveillance mechanisms to detect con-
served HAMPs as well as conserved and dedicated effector
repertoires to bypass such detection.

Deleting the signal peptide did not affect TePDI-induced
cell death; the thioredoxin domain a is more important
than a’ for activating plant cell death (Figure 7), suggesting
that the functions of a and a’ are not redundant in TePDI.
These results are similar to results obtained in the oomycete
P. parasitica and the nematode Globodera pallida (Meng
et al, 2015; Gross et al, 2020), but are contrary to those in
LsPDI1 (Fu et al, 2021), even though the PDI from L. striatel-
lus (LsPDIT) is phylogenetically closer to TePDI. The TePDI2
harbored a, b, b/, and a’ domains, but failed to induce plant
cell death (Figure 7C), possibly because the b and b
domains of TePDI and TePDI2 differed substantially, suggest-
ing that the noncatalytic domains are important for PDI
functioning,

The functional importance of PDI proteins is evident in
many eukaryotes, including plants, pathogens, and arthro-
pods. In Arabidopsis thaliana, PDIs play a role in oxidative
protein folding and secretion (Fan et al, 2022). In nemato-
des, MiPDI protects M. incognita from oxidative stress (Zhao
et al, 2020). In ticks, HIPDI is critical for H. longicornis biol-
ogy and might be involved in blood-feeding (Liao et al,
2007). Our functional results show that TePDI is required
for maximal herbivore performance on plants, given that
knockdown of the PDI gene reduced the survival of adults
of both T. evansi and B. tabaci (Figure 9). Similarly, NIMLP
from N. lugens is a HAMP that not only triggers plant im-
mune responses but also acts as a key salivary protein for
the formation of a salivary sheath (Shangguan et al, 2018).
These examples suggest that HAMPs have beneficial primary
functions in plant-feeding arthropods that outweigh the
costs of them being perceived as HAMPs by plants.

We demonstrated that not only PDI from herbivores but
also from nonherbivores are perceived as HAMPs by plants
and elicit defense responses (Figure 8), although many of
them may never interact with plant cells in nature. This
probably relates to the conserved regions of PDIs being rec-
ognized by plants. Apart from N. benthamiana, TePDI also
triggers cell death in other Solanaceae plants including to-
mato, eggplant, and pepper (Figure 2), suggesting that PDls
may be recognized by Solanaceae plants via a conserved
mechanism. Our results support the notion that various
plants detect conserved HAMPs, thereby reducing the need
for parallel more dedicated surveillance mechanisms.

In conclusion, we have shown PDI to be conserved across
phytophagous and nonphytophagous arthropods and to be
generally perceived by plants as a HAMP. In particular,
TePDI elicits cell death in diverse plant species. This indi-
cates that plants target conserved elements in this HAMP.
TePDl-induced cell death depends on the plant signaling
molecules SGT1 and HSP90. Interestingly, defense induction
by TePDI in N. benthamiana is counteracted by the mite’s
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teraction. PDI as a HAMP is broadly conserved in phytophagous and

nonphytophagous herbivores. AsPDI from A. stephensi, DmPDI from D. melanogaster, BtPDI from B. tabaci, and SfPDI from S. frugiperda can all ac-
tivate plant immunity. When T. evansi feeds on leaves, TePDI can be secreted into plant cells and induces defense responses in a wide range of
plants, including N. benthamiana, tomato, pepper, and eggplant. This elicited defense response is dependent on the plant signaling molecules
SGT1 and HSP90. However, to improve performance, T. evansi suppresses TePDI-induced responses by secreting effectors Te28 and Te84. ROS, re-
active oxygen species; SGT1, suppressor of the G2 allele of skp1; HSP90, heat shock protein 90; NPR1, nonexpressor of pathogenesis-related genes
1; PR1a, pathogenesis-related protein 1a; PR3, pathogenesis-related protein 3; PR4, pathogenesis-related protein 4.

salivary effectors Te28 and Te84 (Figure 10). Further studies
are needed to explore how PDIs are perceived by plants and
how they activate plant immunity through exploring corre-
sponding plant receptors. We speculate that resistance
breeding should aim for mechanisms that detect conserved
HAMPs/PAMPs and stack these in crops (like they do with
R genes) to obtain broad-spectrum resistance while mini-
mizing the opportunity for herbivore effectors to undo
detection.

Materials and methods

Plants and arthropods husbandry

Tomato (Solanum lycopersicum), eggplant (Solanum melon-
gena), pepper (Capsicum annuum), and N. benthamiana
were grown in climate chambers at 25°C+1°C, 16-light
photoperiod and 60% =+ 10% relative humidity.

The tomato red spider mite (Tetranychus evansi) was
obtained from tomato plants in Ya'an, Sichuan Province,
China, in 2016, and was cultured on tomato plants in a
transparent storage box. The box was kept in a tray filled
with water to prevent mites from escaping and invasion of
other arthropods. The MED whitefly (Bemisia tabaci) was
collected from tomato plants in Nanjing Jiangsu Province,
China, in 2017, and was maintained on tomato plants in
insect-proof cages. Species identification of spider mite and
whitefly were conducted with the molecular markers nuclear
ribosomal internal transcribed spacer ITS (AB738755.1) and

mitochondrial cytochrome oxidase subunit 1 mtCOI
(MH908652), respectively. The primer sequences are listed in
Supplemental Table S3. All herbivores were reared in a
growth chamber with 60% +5% relative humidity under a
16-light photoperiod at 25°C+1°C.

Defense responses induced by T. evansi infestation
in N. benthamiana

Nicotiana benthamiana leaves were divided along the main
leaf veins by insect glue (The Scotts Miracle-Gro Company,
Marysville, OH, USA) to produce two sides. One side was
infested with 30 T. evansi adults, while the other uninfested
side served as the control.

To measure ROS in plants, the leaves were cut and im-
mersed in a solution containing 1 mg/mL™" 3,3-diaminoben-
zidine (DAB) for 12 h. After removing the DAB-HCI
(PH = 3.8) solution, leaves were destained with ethanol. The
final brown color of the leaf is an indicator of ROS accumu-
lation (Huang et al., 2019b).

Callose deposition in the leaves was detected by Aniline
Blue staining as described previously (Shangguan et al,
2018). Stained samples were viewed under a Olympus
IX71 fluorescent microscope (Olympus, Tokyo, Japan).
Fluorescence was observed under ultraviolet light (wave-
length = 405 nm). The staining shows callose deposition as
blue dots. To quantify the content of H,O, in leaves, we
used a Hydrogen Peroxide Assay Kit (Beyotime, Haimen,
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China). The leaves were lysed by exposure to a lysis solution
for 30 min at 30°C. Absorbance at A560 was read by a
microplate reader.

To explore the expression of SA- and JA-related genes in
leaves, we collected total RNA from the treated leaves as de-
scribed above and reverse transcribed 1-ug RNA using
HiScript I QRT SuperMix (Vazyme). RT-qPCR was per-
formed on an ABI 7500 Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA) with ChamQ Universal SYBR
gPCR Master Mix (Vazyme). The housekeeping genes
Nbrpl23 and Slactin were used as reference control genes for
N. benthamiana and tomato (S. lycopersicum), respectively.
Relative expression levels were calculated using the 2 AACe
method. The primer sequences designed with Primer
Premier (v6.00) are listed in Supplemental Table S3. At least
three biologically independent replicates were performed for
each sample.

Bioinformatics analysis

All sequences were translated into proteins and their molec-
ular masses were predicted by the Expasy Server (Gasteiger
et al, 2003). Signal peptides and their cleavage sites in PDI
proteins were predicted by SignalP 5.0 (Armenteros et al,
2019). Transmembrane domains were predicted using
THMMM v2.0 (Krogh et al, 2001). The corresponding NCBI
accession numbers of PDI genes are listed in Supplemental
Table S4. Conserved domains were predicted by the NCBI
CD search  program  (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi).

Cloning PDI genes from arthropods

Total RNA was extracted from adults of Tetranychus evansi,
T. urticae, T. truncatus, B. tabaci, Spodoptera frugiperda, and
Drosophila melanogaster with Trizol (Invitrogen, Carlsbad,
CA, USA) following the manufacturer's recommendations.
cDNA was generated using HiScript Il Q RT SuperMix for
qPCR (+ gDNA wiper; Vazyme Biotech, Nanjing, China). The
cDNA of Anopheles stephensi and Haemaphysalis longicornis
was prepared from mosquito adults and tick nymphs, re-
spectively. The CDS of candidate genes was amplified from
cDNAs with PCR using the 2 xPhanta Max Master Mix
(Vazyme) and was then ligated to the Kpnl/Xbal-digested
pBINGFP2 vector or Smal digested pBINHA vector by Trelief
SoSoo Cloning Kit (Tsingke, Beijing, China) according to the
previous reference (Huang et al, 2019b). pBINHA encodes
an HA tag attached to the C-termini of the proteins, while
pBINGFP2 encodes GFP attached to the N-termini of the
proteins. Information of arthropods is listed in Supplemental
Table S5. The specific primers are listed in Supplemental
Table S3.

Transient expression of PDI genes in N.

benthamiana

The constructed vectors were introduced into A. tumefa-
ciens strain GV3101 by electroporation. After confirming
bacteria that were successfully transformed with PCR, the
transformants were cultured in LB liquid medium with
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kanamycin and rifampicin for 24 h at 28°C. Recombinant
strains were washed three times with infiltration buffer (1-M
MgCl,, 100-mM MES, 150-mM acetosyringone) and resus-
pended to ODgqy, (optical density near the 600 nm wave-
length) = 04. The Agrobacterium cell suspension was
injected into leaves of 4- to 6-week-old N. benthamiana
plants with a needleless syringe. At 24-h post infiltration
(hpi), agroinfiltrated N. benthamiana leaves were collected
for plant defense-related assays. NIMLP and INF1, the previ-
ously characterized cell death-inducing proteins from brown
planthopper Nilaparvata lugens (Shangguan et al,, 2018) and
plant pathogen Phytophthora infestans (Bos et al., 2006), re-
spectively, were used as positive controls, while GFP was the
negative control. NIMLP gene was ligated into vector
pBINGFP2, while INFI was ligated into vector pBINHA. The
dead cells were quantified by Trypan blue staining
(Fernandez-Bautista et al., 2016).

To test whether T. evansi effectors suppress TePDI-
induced cell death, N. benthamiana leaves were first infil-
trated with A. tumefaciens carrying candidate effector genes
or green fluorescent protein (GFP), respectively. TePDI was
injected in the same region after 24 h. The injected leaves
were photo-recorded at 3-day post-infiltration (dpi). The
ROS accumulation, callose deposition, and induction of
defense-marker genes were detected 24 h after TePDI infil-
tration using above methods.

Protein expressing and infiltration assays

The CDS of TePDI without signal peptide was amplified and
cloned into the pGEX-6P-1 expression vector. The recombi-
nant protein was expressed in E. coli strain BL21 (DE3) with
1-mM IPTG for induction at 20°C for 24 h. Cells were col-
lected by centrifugation and resuspended in phosphate-
buffered saline (PBS; pH =75). The suspended cells were
lysed by sonication and the supernatant was obtained by
centrifugation at 10,000g for 10 min. The supernatant con-
taining TePDI protein was purified using AKTA Avant 25
(GE Healthcare, Chicago, IL, USA) following the manufac-
turer’s instructions. Glutathione S-transferase protein
expressed from the empty vector served as a negative con-
trol. Based on the study of VmEO2 (Nie et al, 2019), we dis-
solved purified proteins in PBS buffer and diluted them to
500 nM for infiltrating N. benthamiana leaves. After 6 h of
injecting purified TePDI or EV (empty vector) protein, the
leaves were collected for ROS, callose, and defense-related
genes detection.

Protein preparation and western blot analysis

Agroinfiltrated N. benthamiana leaves were collected at 24
hpi. Total plant proteins were extracted with a Plant Protein
Extraction Kit (Solarbio, Beijing, China) following the manu-
facturer’s instructions. Protein samples were loaded on a gel
for SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis). After electrophoresis, protein samples were
transferred from the gel to a polyvinylidene difluoride mem-
brane using the eBlot L1 Wet Protein Transfer System
(GenScript, Piscataway, NJ, USA). Mouse anti-GFP
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monoclonal antibody (Abmart, Shanghai, China) and goat
anti-mouse IRDye 800CW (Odyssey, LI-COR) antibody were
used as the primary and secondary antibodies, respectively.
Protein bands were finally detected with an Odyssey imaging
system (Li-COR) with excitation at 700 nm and 800 nm.

VIGS assays in N. benthamiana

VIGS was assayed using A. tumefaciens strains GV3101 har-
boring the pTRV1 vector and pTRV2:BAK1, pTRV2:SOBIR1,
pTRV2:SGT1, pTRV2:HSP90, pTRV2:RAR1, pTRV2:NDR1, and
pTRV2:EDS1 as described in a previous reference (Ma et al,
2015). The supernatant cells expressing TRV2 constructs
were mixed with an A. tumefaciens culture expressing TRV1
in a 1:1 ratio in MES buffer (10-mM MgCl,, 10-mM MES,
200-1LM acetosyringone), to a final ODgyo of 1.0. The mixed
cell suspensions were then infiltrated into three primary
leaves of four-leaf-stage N. benthamiana plants. The cell
death phenotype was monitored at 3 dpi. pTRV2:PDS and
pTRV2:GFP were used as positive and negative controls,
respectively. The N. benthamiana leaves were collected to
detect the silencing efficiency by RT-qPCR analysis. VIGS-
related primers are listed in Supplemental Table S3.

RNA interference of PDI in spider mites and
whiteflies

The RNAi-target regions of TePDI and BtPDI cDNA were
amplified with primers containing the T7 promoter (20 bp;
Supplemental Table S3). Red fluorescent protein was used as
a control. Amplified products were purified with an AxyPrep
DNA Gel Extraction Kit (Axygen, Union City, CA, USA) and
then ligated to the pClone007 Vector (Tskingke). The con-
structed vector was sequenced to confirm the accuracy of
amplified sequence before dsRNA synthesis. Then dsRNA
was synthesized from PCR-generated DNA templates using a
T7 High Yield RNA Transcription Kit (Vazyme).

TePDI in T. evansi was silenced as previously described
with minor modifications (Xia et al,, 2020). In brief, about 80
newly emerged female mites were soaked in dsRNA solution
(800 ng/uL™") containing 0.1% Tween-20 (v/v) and incu-
bated at 18°C for 24 h. Then the female mites were carefully
transferred to tomato leaf discs (one untreated male mite
was added to each leaf disc for mating). The number of fe-
male adults and laid eggs of dsRNA-treated spider mites
were counted under a stereomicroscope 4 days later. The
remaining live spider mites were used to measure RNAI effi-
ciency. Approximately 25 mites were pooled as one biologi-
cal replicate and each treatment contains three biological
replicates.

To silence BtPDI in B. tabaci, newly emerged adult female
whiteflies were fed on an artificial diet solution (15%, w/v,
sucrose containing 500 ng/uL™" dsRNA) for 2 days. Then, a
female adult and a male adult were released on tomato
leaves. Three days later, whitefly performance was assessed
by counting the number of live adults and eggs laid on the
leaves. RNAI efficiency was measured with remaining live
whiteflies at that time.

Cui et al.

Because spider mites and whiteflies are arrhenotokous,
only the females were tested for dsSRNA treatments. The effi-
ciency with which the T. evansi and B. tabaci genes were si-
lenced was validated by RT-qPCR as described above. The
housekeeping genes ATPase and rpl29 were used as the ref-
erence control for T. evansi and B. tabaci, respectively (Yang
et al, 2015; Su et al, 2019). The primer sequences are listed
in Supplemental Table S3.

To test plant defense responses to TePDlI-silenced mites,
one N. benthamiana leaf was divided into two sides along
the main vein by insect glue. Half the leaf was infested with
30 dsTePDI-treated adults, while the other half was infested
with 30 dsRFP-treated mites. The leaves were collected for
defense response assays at 24 hpi. For tomato, different leaf-
lets were infested with 15 dsTePDI-treated or dsRFP-treated
T. evansi mites for 2 days, and were then collected for de-
fense responses assays with the methods described above.

Choice preference assays

The feeding preference of T. evansi was determined with a
two-choice test as previously described (Wei et al, 2014)
with some modifications. Briefly, a rectangular-shaped bridge
(length: 3 cm, width: 0.5 cm) made from Parafilm was posi-
tioned in the middle to connect leaf discs (20 mm @). The
discs were put on a wet cotton-wool disk in a Petri dish (9
cm @). After 24 h of transiently expressing GFP or TePDI in
N. benthamiana, these two types of leaves were made into
leaf discs and placed at each end of the bridge. About 10—
20 T. evansi females (2+ 1 day old) were starved for 2 h and
then simultaneously placed in the middle of the bridge. The
numbers of spider mites on the two types of leaves were
then recorded at fixed time intervals (2 h, 6 h, 12 h, 24 h,
36 h). These experiments were repeated eight times, each
with 10-20 mites. Data were analyzed by ¥ test and aster-
isks indicate a choice distribution significantly different from
50:50 (o0 = 0.05). Similarly, after infiltration of purified 500-
nM EV or TePDI protein into N. benthamiana for 6 h, leaves
were used for choice preference assays as described above.

Spider mite survival assays on N. benthamiana
leaves

The method of spider mite survival assays was conducted
according to the previous study (lida et al,, 2019). Nicotiana
benthamiana leaves were infiltrated with A. tumefaciens car-
rying TePDI and GFP for 24 h or were infiltrated by purified
TePDI protein or EV solution for 6 h. Then the infiltrated
leaves were made into leaf discs. Twenty adult female mites
(2+1 day old) were transferred onto a leaf disc (1 cm?
each). Leaf discs were placed on the water-soaked cotton in
the 10-cm Petri dish. Each dish contained eight discs.
Survival of mites on the leaf discs was determined at 36 h
after agroinfiltration or protein infiltration.

Phylogenetic analysis

Maximum likelihood (ML) trees were constructed with PDI
CDS sequences. We searched PDI protein sequences with
BALST-based search strategy using NCBI “nr” database. The
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amino acid sequences were first aligned using MAFFT v7.407
(Katoh and Standley, 2013). Then, coding sequence align-
ments were generated with the guidance of MAFFT-
generated amino acid alignments using PAL2NAL v14
(Suyama et al., 2006). The alignments were further edited us-
ing TrimAl v1.4.rev22 (automated1 mode; Capella-Gutiérrez
et al, 2009) and then subjected to phylogenetic and selec-
tive pressure analysis.

To avoid situations of saturated substitution that results
in poor phylogenetics, we assessed the substitution satura-
tion of PDI CDS sequences using the substitution saturation
test developed by Xia et al. (2003) with DAMBE v7.3.2 (Xia,
2018). No statistical evidence of substitution saturation was
detected (Supplemental Table S6), meaning there is suffi-
cient phylogenetic information in the PDI data set. We
obtained the ML tree based on best-fit models calculated
with ModelFinder (Kalyaanamoorthy et al, 2017), as imple-
mented in IQ-TREE v1.6.10 (Nguyen et al, 2015). The PDI
sequences from nonarthropod species were assigned as out-
groups. The reliability of the phylogeny was evaluated with
1,000 ultrafast bootstraps.

Evolutionary rate analysis

To estimate the evolutionary rate of PDI coding genes, we
employed the computer program codeml from the PAML
suite v4.9j (Yang, 2007) and estimated the ® value (dN/dS)
with the following models: one-ratio model (M0) and differ-
ent site models (M1a, M2a, M7, M8, and M8a; Yang et al,
2000). To assess statistical significance, the null models (MO,
M1, M7, M8a, and one-ratio model) were compared with al-
ternative models (M2, M8, and free-ratio model) using the
likelihood ratio test (LRT), which compares twice the differ-
ence in log-likelihood to a ¥ distribution with degrees of
freedom equal to the difference in model parameters. The
LRTs were run with F3 x 4 codon frequency models, with
an initial value of ® = 0.4.

To determine evolutionary rates of PDI in comparison
with other genes, we calculated the dN/dS value of genes
that encode single-copy putative orthologs using codeml
with the MO mode in PAML. The single-copy putative
orthologs were generated with OrthoFinder v2.5.4 (Emms
and Kelly, 2015) from genomes of 15 arthropod species
(Supplemental Table S7), whose food varies from plants to
vertebrate blood. The longest protein isoforms of each gene
were kept with a home-made bash script. For each single-
copy ortholog group that was obtained for the PAML analy-
sis, the codon-based alignment was generated with
PAL2NAL (Suyama et al., 2006).

In situ hybridization

The DIG RNA Labeling Mix (Roche, Penzberg, Germany) and
the T7 High Yield RNA Transcription Kit (Vazyme, Nanjing,
China) were used to synthesize TePDI sense and antisense
RNA probes. Primers for TePDI probes are listed in
Supplemental Table S3. Hybridization was performed by T.
evansi adults as previously described with some adjustment
(lida et al, 2019). Briefly, adult mites of T. evansi were
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washed with 50% NaClO (v/v) for 3 min and then by a 1: 1
mix of hexane and methanol for 3 min, followed by treat-
ment with PBST (PBS containing 0.1% Triton (v/v)) for 10
min. Mites were prehybridized in a hybridization buffer for
1 h at 52°C. The probe was added to refreshed hybridization
buffer and incubated overnight at 52°C. After hybridization,
the mites were washed by a buffer (50% formamide (v/v),
2 x SSC, and 0.1% tween-20 (v/v)) at 48°C for 25 min and
then washed by PBSTB (PBS containing 0.1% Tween-20 (v/v)
and 0.1% BSA (v/v)) at room temperature for 15 min. Then
the mites were incubated with anti-digoxigenin-AP (1: 1,000;
Fab fragments, Roche) in PBSTB at 4°C overnight. The mites
were then washed with TBS buffer (100-mM Tris, pH 9.5,
100-mM NaCl, 0.1% Tween-20 (v/v)) for 15 min. TBST buffer
containing FastRed substrate (Sigma-Aldrich, St Louis, MO,
USA) was added to the mites and this was incubated in the
dark at 4°C for 3 h. Methanol was then used to remove the
background color and the mites were treated with 70% glyc-
erol (v/v) in PBST (PBS containing 0.1% tween-20 (v/v)).
Finally, the mites were sealed on slides and observed under
a Leica confocal microscope.

Confocal microscopy

For subcellular localization, leaf discs of N. benthamiana
were collected 24 h after A. tumefaciens treatment and were
sent for confocal imaging on Zeiss LSM710 (Carl Zeiss,
Oberkochen, Germany) with a 20 X objective lens. GFP and
mCherry fluorescence signal was observed at an excitation
wavelength of 488 and 561 nm, respectively. The gains value
is set between 600 V and 700 V. For in situ hybridization,
FastRed fluorescence was visualized at an excitation wave-
length of 633 nm using Leica TCS SP8 laser confocal micro-
scope (Leica, Wetzlar, Germany) with a 20 x objective lens.
The gains value is set at about 566 V.

Statistical analysis

The data on plant defense genes expression and spider mite
performance were compared between treatments by
Student’s t test. The spider mite choice assays were evalu-
ated by a ¥ test. For the expression pattern of TePDI, treat-
ments were compared by one-way ANOVA followed by
Tukey’s post-hoc tests. All statistical analyses were con-
ducted using the SPSS software package version 26.0 (SPSS
Inc, Chicago, IL, USA).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Screening of T. evansi elicitors.

Supplemental Figure S2. RNAI efficiency of TePDI.

Supplemental Figure S3. Phenotype of VIGS-treated N.
benthamiana plants.

Supplemental Figure S4. Subcellular localization of TePDI
and GFP.

Supplemental Figure S5. Similarity analysis of PDIs pro-
tein sequences in different organisms.
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Supplemental Figure S6. Amino acid sequence alignment
of TePDI across different species.

Supplemental Figure S7. Phylogenetic analysis of the PDI
gene.

Supplemental Figure S8. PDI elicits the expression of key
genes in defense-related pathways.

Supplemental Figure S9. BtPDI is required for whitefly
performance.

Supplemental Table S1. Information for candidate sali-
vary proteins.

Supplemental Table S2. Parameter estimates and LRT
results for site models.

Supplemental Table S3. Primers used in this study.

Supplemental Table S4. Accession numbers of PDIs for
phylogenetic analysis

Supplemental Table S5. Information for herbivores used
in this study.

Supplemental Table S6. Substitution saturation test of
PDI CDS with Xia index.

Supplemental Table S7. Genomes of arthropod species
for ortholog analysis.
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