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The Arabidopsis thioredoxin TRXh5regulates the S-nitrosylation pattern of
the TIRK receptor being both proteins essential in the modulation of
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ABSTRACT

The interaction between plants and phytophagous arthropods encompasses a complex network of molecules, signals, and pathways to overcome defences generated
by each interacting organism. Although most of the elements and modulators involved in this interplay are still unidentified, plant redox homeostasis and signalling
are essential for the establishment of defence responses. Here, focusing on the response of Arabidopsis thaliana to the spider mite Tetranychus urticae, we demonstrate
the involvement in plant defence of the thioredoxin TRXh5, a small redox protein whose expression is induced by mite infestation. TRXh5 is localized in the cell
membrane system and cytoplasm and is associated with alterations in the content of reactive oxygen and nitrogen species. Protein S-nitrosylation signal in TRXh5
over-expression lines is decreased and alteration in TRXh5 level produces changes in the JA/SA hormonal crosstalk of infested plants. Moreover, TRXh5 interacts and
likely regulates the redox state of an uncharacterized receptor-like kinase, named THIOREDOXIN INTERACTING RECEPTOR KINASE (TIRK), also induced by mite
herbivory. Feeding bioassays performed withTRXh5 over-expression plants result in lower leaf damage and reduced egg accumulation after T. urticae infestation than
in wild-type (WT) plants. In contrast, mites cause a more severe injury in trxh5 mutant lines where a greater number of eggs accumulates. Likewise, analysis of TIRK-
gain and -loss-of-function lines demonstrate the defence role of this receptor in Arabidopsis against T. urticae. Altogether, our findings demonstrate the interaction
between TRXh5 and TIRK and highlight the importance of TRXh5 and TIRK in the establishment of effective Arabidopsis defences against spider mite herbivory.

TRXs, eight of them belonging to the TRXh family, mainly located in the

1. Introduction cytosol [3]. These proteins are highly versatile, as they can modulate a
broad range of metabolic processes and responses of plants to biotic and

Thioredoxins (TRXs) are ubiquitous oxidoreductases responsible for abiotic stresses [4]. Whereas their role in plant immunity has been
transient and reversible redox-based posttranslational modifications widely explored in response to pathogens [5,6], the participation of
[1]. These modifications involve the redox state of structural or catalytic TRXs in response to herbivores has been poorly addressed. Nevertheless,
protein cysteines and comprise oxidative and/or nitrosative modifica- as in the plant-pathogen interaction, reactive oxygen and nitrogen spe-
tions of cysteine thiols, such as reduction of S-S bonds and S-deni- cies (ROS/RNS) are key players for the redox homeostasis taking part in

trosylation of ~SNO groups [2]. Arabidopsis encodes 20 conventional plant defences to phytophagous species [7,8].
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Abbreviations
BiFC Bimolecular Fluorescence Complementation
ColP Colmmunoprecipitation

DAB 3,3-diaminobenzidine

DAMPs Damage-Associated Molecular Patterns
GFP Green Florescent Protein

HAMPs Herbivory-Associated Molecular Patterns
JA Jasmonic Acid

JA-Ile JA-Isoleucine

OPDA  12-OxophytoDienoic Acid

PTMs PostTranslational Modifications

RLK Receptor-Like Kinase

RNS Reactive Nitrogen Species

ROS Reactive Oxygen Species
RT-gPCR Quantitative Real Time PCR
SA Salicylic Acid

TRX Thioredoxin

The plant response to herbivores is initiated when specific receptors,
mainly receptor-like kinases (RLK), detect either Herbivore-Associated
Molecular Patterns (HAMPs) or Damage-Associated Molecular Patterns
(DAMPs). Plants discriminate between herbivores to counteract specific
threats more accurately. Commonly, the first steps in the adjustment of
the defence network begin with a membrane potential depolarization
followed by changes in intracellular Ca** amount, ROS and RNS gen-
eration, and activation of specific protein kinases. Therefore, signalling
networks are modified leading to the activation of transcription factors
and the regulation of phytohormone synthesis, to finally culminate in
the induction of specific herbivore-responsive genes [9,10]. In this
context, various studies have increased the understanding of how Ara-
bidopsis plants specifically recognize and signal the attack of the
two-spotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae).
Most of these studies were based on a transcriptomic comparison of
responses between Blanes-2 (Bla-2) and Kondara (Kon) Arabidopsis
accessions, identified as the most resistant and the most susceptible to
T. urticae, among 26 tested Arabidopsis accessions [11]. Hundreds of
genes responded similarly to T. urticae attack and dozens of them were
induced at higher levels in Bla-2 than in Kon. Several of these genes, e.g.
AtKTI4, MATI, and PP2-A5, have been characterized and their require-
ment for Arabidopsis resistance to mite herbivory has been demon-
strated [12-14]. Additionally, it was shown the role of an Arabidopsis
Ser/Thr phosphatase type 2C, AP2C1 and the MAPKinases MPKKK17
and MPKKK21 in the regulation of the signalling pathways triggered by
the mite [15,16]. Recently, it has been highlighted the important
defence role of indole glucosinolates and the hydroxinitrile lyase AtHNL,
whose levels increased upon mite infestation [17,18].

Regarding redox homeostasis, the relationship between ROS-
metabolizing systems and Arabidopsis-induced responses triggered by
mites was established using four ROS-related genes differentially
induced in Bla-2 and Kon after mite attack. These genes encode proteins
involved in hydrogen peroxide (H202) balance and ascorbate degrada-
tion. In addition to their effects on ROS metabolism, genetic manipu-
lation of these genes led to an alteration of jasmonic acid (JA) and
salicylic acid (SA) signalling pathways and consequently, to plant
defence against spider mites [9,19]. One of the genes induced by mite
feeding with higher expression levels in Bla-2 relative to Kon is the
thioredoxin h5 (TRXh5). This TRX gene has previously been associated
with the regulation of SA-related immune gene expression by NPR1 after
pathogen challenge [20]. In the cytoplasm, NPR1 forms a high molec-
ular weight oligomer through disulphide bonds between conserved
cysteine residues, promoted by an S-nitrosylation of Cys156. Upon
activation of SA signalling, TRXh5 facilitates the monomerization of
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NPR1 by reducing disulphide bonds and acting as an S-NO reductase.
NPR1 monomers are then translocated into the nucleus where they
activate SA-responsive immune genes [21]. In addition, TRXh5 acts as a
guardee of the NB-LRR resistance protein LOV1, preventing the cell
death-inducing activity of this protein in response to biotrophic patho-
gens [22]. The necrotrophic fungus Cochliobolus victoriae takes advan-
tage of this system by secreting a toxin, victorin, that binds to the Cys39
of TRXh5 [23]. This interaction inhibits TRXh5 activity and triggers
LOV1-dependent programmed cell death that the fungus exploits as it
feeds on dead tissue. TRX proteins have been also associated with pro-
tein folding, acting as molecular chaperones alone or synergistically
with HSP chaperones to prevent cellular damage [24]. These findings
highlight the importance of TRX activity in the regulation of
redox-based posttranslational modifications of selective immune sig-
nalling proteins. In addition, they underline the significance of TRXh5
protein interactions in different physiological processes.

Here, we examine the role of TRXh5 in the plant response to mite
attack. Multiple interactions between TRXh5 with other proteins sup-
port its role in shaping the Arabidopsis response to T. urticae herbivory.
One of the interacting proteins is the THIOREDOXIN INTERACTING
RECEPTOR KINASE (TIRK), a RLK transmembrane receptor whose
expression is induced by mite infestation. Functional assays have
established the requirement of TRXh5 and TIRK for the proper Arabi-
dopsis response to mites, and demonstrated the importance of both
proteins, whose interaction is crucial in the early establishment of
effective Arabidopsis defence responses against spider mite herbivory.
TRX5 modulates the S-nitrosylation of TIRK which could affect mite
perception and/or triggering of the transduction pathway to finally lead
defence responses.

2. Materials and methods
2.1. Plant material and growth conditions

A. thaliana Col-0, Kondara, and Bla-2 accessions (Nottingham Ara-
bidopsis Seed Collection) were used to validate RNAseq data. For further
experiments, Col-0 has been as background (WT and mutant lines).
A. thaliana T-DNA mutants (SALK 113268C, SALK 144259,
SALK_107466C, and SAIL_669_GO08, referred to as trxh5_1, trxh5_2, tirk_1
and tirk_2, respectively) were obtained from the Arabidopsis Biological
Resource Centre, through the European Arabidopsis Stock Centre. For
soil growth, a mixture of peat moss and vermiculite (2:1) was used.
Sterilized seeds were stratified in the dark at 4 °C for 5 d. Plants were
grown in growth chambers (Sanyo MLR-351-H) under controlled con-
ditions (23 °C & 1 °C, >70% relative humidity, and a 16 h/8 h day/night
photoperiod).

To generate over-expression lines, TRXh5 and TIRK cDNAs were
cloned into pGWB2 (CaMV35S, no tag) and pGWB5 (CaMV35S, C-sGFP)
Gateway binary vectors [25], using specific primers included in
Table S1. The TIRK full-length cDNA clone was developed by the plant
genome project of the RIKEN Genomic Sciences Center [26,27]. Re-
combinant plasmids were introduced into A. thaliana Col-0 plants using
Agrobacterium floral dip transformation [28]. Shoots were regenerated
on a selective medium containing hygromycin (40 mg 1°1) and plants
were self-fertilized twice to identify and select homozygous lines. Ho-
mozygous plants with a single copy insertion and the highest transgene
expression levels coming from different transformation events were
selected for further experiments.

2.2. Spider mite maintenance

A colony of T. urticae, London strain (Acari: Tetranychidae), pro-
vided by Dr. Miodrag Grbic (UWO, Canada), was reared on beans
(Phaseolus vulgaris) and kept in growth chambers (Sanyo MLR-351-H,
Sanyo, Japan) at 25 °C £+ 1 °C, >70% relative humidity and a 16 h/8
h day/night photoperiod.
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2.3. Nucleic acid analysis

The presence and homozygous status of the T-DNA insertion lines
were validated by conventional PCR (BioRad) using specific primers
designed through the Salk Institute website. Primer sequences are
indicated in Table S1. The genomic DNA used for conventional PCR was
isolated from Arabidopsis T-DNA insertion and WT lines basically as
described [29].

RT-qPCR was used to validate the microarray results, to analyse the
gene expression in different Arabidopsis tissues, to determine and
characterize the gene expression in the transgenic lines, and to study the
expression of other genes. For microarray validation, 3-week-old ro-
settes from Col-0, Bla-2, and Kon were collected at different time points
(1, 3, 6, 12, and 24 h) of spider mite infestation, frozen in liquid Ny
stored at —80 °C until used for RNA isolation. For tissue expression, Col-
0 seeds, siliques, roots, flowers, stem leaves, and rosettes of 1- to 3-week-
old were sampled and stored at —80°C. To study the expression of TRXh
and TIRK genes, 3-week-old rosettes of transgenic and WT were infested
with 20 mite female adults for 6 and 24 h and then collected and stored
at —80 °C until RNA isolation. Total RNA was extracted by the phenol/
chloroform method, followed by precipitation with 8 M LiCl [30].
Complementary DNAs (cDNAs) were synthesized from 2 pg of RNA
using the Revert Aid™ H Minus First Strand ¢cDNA Synthesis Kit (Fer-
mentas) following the manufacturer’s instructions. The RT-qPCR con-
ditions used were 40 cycles with 15 s at 95 °C, 1 min at 60 °C and 5 s at
65 °C using LightCycler® 480 SYBR® Green I Master (Roche). Quanti-
tative real time PCR (RT-qPCR) was performed for three samples coming
from three independent experiments as previously described [12] using
a SYBR Green Detection System (Roche) and the LightCycler®480
Software release 1.5.0 SP4 (Roche). Ubiquitin was used as the house-
keeping gene for Arabidopsis. mRNA quantification was expressed as
relative expression levels (2"1&) or fold change (2'dd“) [31]. Primer
sequences are indicated in Table S1.

2.4. In silico analyses of TRXh5 interactors

The BIOGRID database [32] was mined to find experimentally vali-
dated TRXh5 interactors. Enrichment analyses for GO Biological Pro-
cesses were performed with the Bonferroni step-down test using the
ClueGO package [33] in Cytoscape [34].

2.5. Subcellular location

To analyse the subcellular localization of the TRXh5 and TIRK pro-
teins, the corresponding cDNAs were cloned in frame with the GFP re-
porter gene, encoding the Green Fluorescent Protein, as described
above. In addition, the Red Fluorescent Protein (RFP)-HDEL was used as
a control of endoplasmic reticulum location [35]. Transient trans-
formation of onion (Allium cepa) epidermal cells was performed by
particle bombardment with a biolistic helium gun device (DuPont
PDS-1000; BioRad) as described [36]. Fluorescent images were acquired
after 24 h of incubation at 22 °C in the dark, using a Leica TCS-SP8
confocal microscope. GFP and RFP signals were acquired sequentially
using the following settings: GFP, excitation 488 nm and emission 492-573
nm; RFP, excitation 561 nm, emission 564-641 nm.

For Nicotiana benthamiana agroinfiltration, the Agrobacterium strain
C58CI RifR (GV3101) carrying the constructs 35S::TRX5-GFP or 35S::
TIRK-GFP (pGWB5) was co-incubated with the construct 35S::P19
(pBIN61) that carries the silencing suppressor P19 to a final optical
density of 0.3 as described [13]. Fluorescent images were acquired 3
d post-infiltration, using a Leica TCS-SP8 confocal microscope. GFP and
chlorophyll autofluorescence signals were acquired sequentially using the
following settings: GFP, excitation 488 nm and emission 492-573 nm;
chlorophyll, excitation 633 nm, emission 692-736 nm.
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2.6. Immunoprecipitation analysis

Immunoprecipitation assays were carried out as described by Ref. [37]
with minor modifications. Briefly, N. benthamiana leaves were agro-
infiltrated with the 35S::TRXh5-GFP construct (pGWB5) and/or 35S:
TIRK fused in frame to the HA epitope (pGWB14) and harvested after 3 d.
1.2 g of each sample were ground in liquid N2 and incubated in 4 ml g-1 of
extraction buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5% (v/v) glyc-
ero, 0.1% (v/v) Nonidet P40, 5 mM DTI, 2% (w/v) poly-(-
vinylpolypyrrolidone) and protease inhibitors (Roche)) with end-over-end
shaking for 15 min. After centrifugation at 2500 g for 20 min, supernatants
were centrifuged at 20,000 g for 30 min, collected and considered crude
extracts. The protein concentration was measured by the Bradford method
[38]. Co-immunoprecipitation mixtures were made containing the same
amounts of total protein in the same volume. These mixtures were incubated
with constant rotation for 1.5 h with 30 pl of anti-GFP agarose beads
(ChromoTek), previously blocked to avoid unspecific binding with 1 mg ml-1
BSA in extraction buffer without poly-(vinylpolypyrrolidone). Subsequently,
the beads were collected by centrifugation, washed 5 times with 1 ml of the
extraction buffer without poly-(vinylpolypyrrolidone), and eluted with 100
ul of 50 mM glycine-HCI (pH 3), 150 mM NaCl, 0.1% (v/v) Triton X-100 at
room temperature for 5 min. After elution, the fractions were neutralized
using 10 pl of 1 M Tris-HCL (pH 8). All these procedures were carried out at
4 °C. The neutralized fractions and crude extracts were run in sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), subjected
to western-blot, and analysed with specific antibodies against GFP or HA
epitopes (Roche).

2.7. Bimolecular Fluorescence Complementation (BiFC) constructs and
confocal imaging

To generate the constructs to perform BiFC assays, both cDNAs,
TRXh5 and TIRK, were cloned into the Gateway binary destination
vectors pXNGW and pXCGW (provided by Dr. Luis Onate, CBGP-UPM,
Spain), harbouring the N- and C-terminal parts of the GFP, respec-
tively. Therefore, each protein was independently tagged with nGFP or
cGFP at the C-terminus. The BiFC constructs were introduced into
Agrobacterium and then infiltrated in N. benthamiana plants as
described above. Fluorescent images were acquired 3 d after infiltration
using a Leica TCS-SP8 confocal microscope. GFP and chlorophyll auto-
fluorescence signals were acquired sequentially using the following settings:
GFP, excitation 488 nm and emission 500-600 nm; chlorophyll, excitation
633 nm, emission 693-745 nm.

2.8. Plant damage determination

To study the role of TRXh5 and TIRK in plant defence against spider
mites, 3-week-old rosettes from mutant, over-expression, and WT lines
were infested with 20 T. urticae female adults per plant for 4 d. Damage
quantification was performed using an HP scanjet (HP Scanjet 5590
Digital Flatbed Scanner series) as described [39] and leaf damage was
calculated in mm? using Adobe Photoshop CS software.

2.9. Spider mite performance

To analyse the response of spider mites feeding on WT and TRXh5
and TIRK transgenic plants, fecundity assays were performed. Spider
mite female synchronization was conducted as described [13] and then
entire detached leaves from the transgenic and WT plants were infested
with 12 synchronized females each, and the number of eggs laid was
counted after 36 h.

2.10. Quantification of ROS and NO

To determine the accumulation of ROS and nitrogen oxide (NO) in
vivo upon spider mite infestation, 0.5 mm leaf discs from the TRXh5
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Fig. 1. TRXh5 and TIRK gene expression in response to T. urticae infestation. Microarray data of TRXh5 (A) and TIRK (C) gene expression in Arabidopsis Bla-2
and Kon accessions at 1, 3, 6, 12, and 24 h post-infestation is represented as Log, fold change. RT-qPCR assays of TRXh5 (B) and TIRK (D) gene expression in
Arabidopsis Bla-2, Kon and Col-0 accessions at 1, 3, 6, 12 and 24 h post-infestation with T. urticae. Gene expression referred to as fold change (2%9") was calculated
using the control (0 h) for each genotype as an internal calibrator. Data are means + SE of three biological replicates. Different letters indicate significant differences
between times post-infestation within each accession (One-way ANOVA followed by Newman-Keuls multiple comparisons test, p < 0.05).

transgenic lines and WT were infested with 10 adult females per disc for
6 h. Leaf discs were collected and incubated in darkness as described by
Ref. [40] with fluorescent probes, 25 pM DCF-DA for 30 min at 37 °C or
10 pM DAF-2 DA for 60 min at 25 °C, to detect ROS and NO, respec-
tively. To control the specificity of the reaction for NO detection, 400 pM
Carboxy-PTIO (NO scavenger) before dye staining for 1 h at 25 °C was
used. Fluorescence emissions of the probes were sequentially acquired
using a Leica TCS-SP8 confocal microscope applying the tile-scan tool to
scan the entire leaf disc using the following settings: DCF-DA, excitation 488
nm and emission 493-562 nm; DAF-2 DA, excitation 488 nm and emission
493-562 nm; chlorophyll, excitation 633 nm, emission 692-736 nm.
Fluorescence intensity of the whole leaf disc was quantified using Image J
software. In addition, HyO-accumulation was analysed by histochemistry
using DAB, which produces a brown precipitate after oxidation in the pres-
ence of H202 [41]. WT and trxh5 mutant Arabidopsis leaf disks (0.8 mm
diameter) were infested with 10 mites and incubated for 6 h. Infested and
non-infested control discs were stained with 3,3-diaminobenzidine (DAB)
according to Ref. [42]; observed under a Zeiss Axiophot microscope, and
brown precipitates were quantified using the colour deconvolution plug in
Image J software. Ascorbic acid (10 mM) has been used as ROS scavenger.

2.11. S-nitrosylation assays

To detect S-nitrosylated proteins, the biotin switch method that
converts —-SNO into biotinylated groups, was performed according to
Ref. [43]. Three-week-old rosettes of TRXh5 transgenic and WT plants
were infested with 20 female adults for 6 h. Arabidopsis rosettes were
homogenized in MAE buffer (25 mM HEPES, 1 mM EDTA, 0.1% Triton
X-100 (v/v), 0.1 mM neocuproine, pH 7.7) containing a complete pro-
tease inhibitor cocktail (Roche) and centrifuged at 4 °C for 30 min. Total
protein content was determined using the Bradford method [38]. To
block free cysteine, 300 pg of total protein were incubated for 20 min at
50 °C in a blocking solution (25 mM HEPES, 1 mM EDTA, 0.1 mM
neocuproine, 2.5% (w/v) SDS, 20 mM methyl-methanethiosulfate, pH
7.7) with frequent vortexing. Excess methyl-methanethiosulfate was
removed by cold acetone precipitation and proteins were resuspended in
25 mM HEPES, 1 mM EDTA, and 1% (w/v) SDS, pH 7.7 buffer (100 pl
mg ! protein) and then were incubated at room temperature for 1 h in
darkness after the addition of 1 mM HPDP-biotin (Thermo Scientific)
and 1 mM ascorbic acid. Moreover, GSNO (1 mM) treatment, and
samples without biotin or ascorbic acid were used to validate the reli-
ability of the method. Then, western-blot analysis was performed using
an anti-biotin antibody (Sigma). To detect S-nitrosylation pattern of
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Fig. 2. Subcellular location of TRXh5 and TIRK in N. benthamiana leaves. Confocal stacks spanning N. benthamiana cells agroinfiltrated with 35S::TRxh5-GFP,
35S::TIRK-GFP and 35S::GFP control. Projections of GFP (A,E,I), chlorophyll auto fluorescence (B,F,J), merged (C,G,K), and the corresponding Nomarski snapshots

(D,H,L). Scale bars are indicated in the Nomarski images.

TIRK, Arabidopsis extracts from 35S::TIRK-GFP were incubated or not
with extracts from the over-expression TRXh5 (2:3), and subjected to the
biotin switch method. To purify in vivo biotinylated proteins, immuno-
precipitation with IPA (protein A/G Ultralink Resin, Pierce)-anti-biotin
antibody (Sigma) was carried out as described before [44]. Beads were
washed with TBS-Tween (0.1%, v/v) buffer and bound proteins were
eluted with 10 mM DTT in SDS-PAGE solubilisation buffer, loaded in 8%
SDS-PAGE and transferred to a PVDF membrane to detect TIRK-SNO
with anti-GFP antibody (Agrisera).

2.12. Hormone determination

Plant hormones 12-oxophytodienoic acid (OPDA), JA, JA-Isoleucine
(JA-Ile), and SA were quantified by isotopic dilution mass spectrometry
from 3-week-old rosettes of TRXh5_1.4, trxh5_2 and WT plants after 6 h
of spider mite feeding. Six rosettes were pooled per experiment and
three independent experiments were performed. Isotope-labelled stan-
dards were added to lyophilized plant samples (200 mg) prior to
extraction as previously described [45]. Ultra-performance liquid
chromatography (UPLC)-electrospray ionization tandem mass spec-
trometry analyses were carried out on an Acquity SDS system (Waters)
coupled to a triple quadrupole mass spectrometer (Micromass). Quan-
tification was accomplished with an external calibration.

2.13. Statistics

To design a suitable statistical approach was used GraphPad Prism
v6.01 and each poll of data was previously subjected to normality and
homoscedasticity tests. When data fulfilled both assumptions, One- or
Two-way ANOVA was applied, followed by Student Newman-Keuls

multiple comparison test (p < 0.05). Two-way ANOVA was performed
in the experiments where genotype (G) and treatment with mites (T)
were simultaneously analysed and Newman-Keuls multiple comparisons
test was used when the interaction (I:G x T) was significant. In the case
of S-nitrosylation quantification, data present normal distribution but
not homoscedasticity, so an Unpaired t-test with Welch’s correction (p
< 0.05) was performed to compare the samples to the WT. Number of
replicates are shown in the figure legends.

3. Results

3.1. Gene expression of TRXh5 and TIRK in response to T. urticae
infestation

The Arabidopsis accessions Kon and Bla-2 were identified as sus-
ceptible and resistant to the mite T. urticae, respectively [11]. Among
otherwise similar responses, microarray analyses showed consistently
different expression levels of the TRXh5 gene in the Bla-2 strain relative
to Kon, at different infestation times (Fig. 1A). RT-qPCR assays
confirmed the differential expression of TRXh5 between accessions and
pointed to the remarkable induction of this gene in Col-0 upon spider
mite attack (Fig. 1B), involving this thioredoxin in plant response to
T. urticae.

As the molecular function of TRXh5 involves its interaction with
other proteins [46], an in silico search for interacting proteins was per-
formed. Direct binding was previously described between TRXh5 and 63
Arabidopsis proteins (BIOGRID database). Thus, these interacting pro-
teins were used to determine enriched GO terms. Using the ClueGO tool,
significant enrichments were found for biological processes related to
transmembrane transport, kinase activity, and defence (Fig. S1). One of
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these proteins, encoded by the At5G10290 gene, was a RLK receptor
with an extracellular LRR domain and an intracellular kinase domain,
previously shown to be induced by T. urticae feeding [11], although it
was not functionally characterized. Thus, we were interested in this
protein as no receptors involved in HAMPs detection has been described
in the plant-mite context. This protein named THIOREDOXIN INTER-
ACTING RECEPTOR KINASE and referred from now on as TIRK, is
regulated by a bidirectional promoter that specifically responds to biotic
stresses [47]. RT-qPCR assays supported the induction of TIRK in the
Bla-2 and Kon accessions at different mite infestation times and estab-
lished a similar pattern of expression in the Col-0 accession (Fig. 1C and
D), suggestion a possible role for TIRK in plant response to T. urticae.

3.2. Tissue expression of TRXh5 and TIRK genes and subcellular protein
localization

To analyse the distribution of TRXh5 and TIRK in the plant, the
expression of TRXh5 and TIRK genes in different tissues was assessed.
RT-qPCR assays demonstrated the expression of both genes in all
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analysed tissues, including rosette leaves, the main source of nutrients
for mite feeding (Fig. S2). Consistent with their putative roles in sig-
nalling vs ligand perception, the levels of TRXh5 transcripts were much
higher than TIRK levels.

Transient expression assays were conducted to determine whether
TRXh5 and TIRK proteins colocalize in the same subcellular compart-
ment. Agroinfiltration of the open reading frame of TRXh5 translation-
ally fused to the GFP in N. benthamiana leaves showed the accumulation
of TRXh5-GFP throughout the entire endoplasmic reticulum (ER)
network, which was continuous with the nuclear envelope. The TRXh5-
GFP protein was also detected in the plasma membrane, cytoplasm, and
within the nucleus (Fig. 2A-D). Consistent with the putative role as a
receptor kinase, N. benthamiana agroinfiltration experiments showed the
TIRK-GFP localization exclusively in the plasma membrane (Fig. 2E-H).
A possible cytosolic location of TIRK protein was observed in the
confocal stacks spanning (Fig. 2E) but it was due to the z-projections of
multiple z-planes and the 3D structure of the cell. In the individual focal
planes, the location of TIRK is only detected in the membranous system
of the cell (Fig. S3 and Fig. S4). As expected, the GFP control showed
fluorescence throughout the cell (Fig. 2I-L). The autofluorescence of the
chloroplast did not merge with the fluorescence emitted by GFP detected
in the endomembrane system or in the plasma membrane. Transient
expression assays in A. cepa corroborated localization patterns of
TRXh5-GFP and TIRK-GFP proteins (Fig. S5). Plasmolysis induced by 1
M mannitol treatment confirmed the location of TRXh5 and TIRK in the
cell wall-detached plasma membrane, with no fluorescence observed
either in the cell wall or in the apoplast (Figs. SSE-H,M — P). These
results together showed that both proteins colocalize in the plasma
membrane and allow us to think about a possible interaction between
them, supporting the in silico results.

3.3. The TRXh5 protein interacts with the RLK receptor TIRK

To confirm in vivo the interaction reported between TRXh5 and TIRK,
we performed to independent techniques such as Co-
immunoprecipitation (CoIP) and BiFC assays. For CoIP assays, crude
extracts of co-agroinfiltrated N. benthamiana leaves transiently
expressing the TRXh5 protein fused to GFP (TRXh5-GFP) and the TIRK
protein fused to HA (TIRK-HA) were immuno-precipitated with the anti-
GFP antibody, and the precipitate contained both proteins, as detected
by anti-GFP and anti-HA antibodies (Fig. 3A), demonstrating their
interaction. Controls expressing only one of these proteins and pulled
down with the anti-GFP antibody precipitated only TRXh5-GFP, but not
TIRK-HA (Fig. 3A). In BiFC experiments, GFP fluorescence was observed
only when both proteins were simultaneously co-agroinfiltrated in
N. benthamiana plants (Fig. 3B). As expected, from TIRK localization,
this fluorescence was detected in the plasma membrane. No overlap was
found with chlorophyll autofluorescence, and Nomarski images sup-
ported the integrity of the cells (Fig. 3B). All these results together
corroborated the physical interaction between TRXh5 and TIRK in
planta.

3.4. TRXh5 and TIRK proteins are required for Arabidopsis defence
against T. urticae

Induction of TRXh5 and TIRK gene expression by mite infestation
and their protein-protein interaction suggested a coordinated defensive
role in Arabidopsis against spider mites. To test this role, we charac-
terized two homozygous Arabidopsis insertion lines, trxh5_1 (T-DNA
insertion in the 5'UTR leading to a reduced expression of TRXh5 gene)
and trxh5_2 (T-DNA insertion in the second exon, resulting in gene
knock-out, Figs. S6A and D). Several Arabidopsis lines over-expressing
the TRXh5 gene were also generated and TRXh5 expression was ana-
lysed by qRT-PCR assays as shown in Fig. S6E. Among all the lines
analysed, TRXh5 1.4 and TRXh5 3.3 were selected based on their
expression prole for further studies. Homozygous T-DNA insertion lines
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Fig. 4. Plant damage after mite infestation and mite fecundity upon feeding on WT, TRXh5 and TIRK over-expression and mutant lines. (A) Foliar area
damaged in WT, TRXh5 over-expression and trxh5 mutant lines 4 d after mite infestation. (B) Mite fecundity 36 h after feeding on WT, TRXh5 over-expression and
trxh5 mutant lines. (C) Foliar area damaged in WT, TIRK over-expression and tirk mutant lines 4 d after mite infestation. (D) Mite fecundity 36 h after feeding on WT,
TIRK over-expression and tirk mutant lines. Data are means + SE of six replicates. Different letters indicate significant differences (One-way ANOVA followed by

Student-Newman-Keuls test, p < 0.05).

and over-expression lines, as well as the corresponding WT plants, were
infested with mites and plant damage was quantified after 4 d of mite
feeding. The two TRXh5 over-expression lines showed the least damage,
followed by the non-transformed WT plants, while the damaged area
was greatest in the knockdown trxh5 lines (Fig. 4A). Mite fecundity
followed a similar pattern. It was the highest when mites fed on trxh5
plants and the lowest when they fed on TRXh5-over-expression lines
(Fig. 4B). Thus, TRXh5 functions to protect Arabidopsis against mite
attack.

To further determine the role of the TIRK protein in plant defence,
feeding bioassays with TIRK loss- and gain-of-function lines were also
performed. The knock-out line tirk 1 had the T-DNA insertion into the
second intron and the knock-down line tirk 2 in the 5'UTR (Fig. S7).
Similar to TRXh5 over-expression lines, several Arabidopsis lines over-
expressing TIRK gene were genrated and TIRK expression was ana-
lysed by qRT-PCR as shown in Fig. S7E. Homozygous tirk_1 and tirk 2
insertion lines, selected TIRK 1.6 and TIRK 2.4 over-expression lines,

and WT plants were infested with mites and plant damage was measured
after 4 d of feeding. TIRK-over-expression plants were significantly less
damaged than WT plants and tirk mutant lines incurred more injury than
controls (Fig. 4C). Concomitantly, the cumulative number of eggs was
significantly greater in tirk mutant lines than in WT (Fig. 4D), demon-
strating the defensive function of the TIRK receptor.

3.5. Transcriptional expression of TRXh5 and TIRK genes within
transgenic lines of the other partner

Because TRXh5 and TIRK genes were up-regulated in WT plants by
mite infestation, their encoding proteins interacted, and both conferred
resistance to T. urticae, the altered expression of each gene could affect
the expression of its partner. Thus, the expression pattern of both genes
was studied by RT-qPCR in the different Arabidopsis genotypes. A sig-
nificant increase in TRXh5 transcripts was observed in non-infested TIRK
over-expression and tirk mutant lines in comparison to WT plants
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Fig. 5. The effects of mite interaction on ROS and NO levels in WT, TRXh5 over-expression and trxh5 mutant lines. (A) ROS-dependent DCF-DA and (B) NO-
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(Fig. S8A, inserted panel), while TIRK gene expression was not altered in
TRXh5 over-expression and trxh5 mutant lines (Fig. S8B). After mite
infestation, the expression of both TRXh5 and TIRK increased indepen-
dently of the Arabidopsis transgene background (Figs. S8A and B). These
results indicate that alterations in the expression of the TIRK gene
modulate the expression of TRXh5.

3.6. Transcriptional expression of the cytosolic thioredoxins in trxh5
mutant backgrounds

Since the Arabidopsis genome contains eight cytosolic thioredoxins
(genes TRXh1 to h9), alterations in the expression of TRXhS5, both at
basal levels and upon spider mite infestation, might cause compensatory
effects within this gene family. Thus, the expression of the cytosolic
TRXh1 to h9 genes was checked in trxh5_1 and trxh5_2 mutants and in
WT plants. No significant differences were found in the transcript levels
of these genes except for the TRXh1 gene, which had slightly higher
expression levels after 6 h of mite treatment in WT than in trxh5 mutant
lines (Fig. S9). These results support that the trxh5_1 and trxh5_2 mutant
genotypes were mainly associated with the perturbed function of the
TRXh5 locus, and suggest that TRXh5 may have a specific role not
overlapping with other thioredoxins h-type.

3.7. Changes in TRXh5 expression are associated with variations in the
accumulation of ROS and NO, and with the S-nitrosylation pattern

As thioredoxins are involved in redox homeostasis, the defensive role
of the TRXh5 is expected to be linked to changes in ROS and/or RNS
accumulation. Thus, the levels of ROS and NO molecules were measured
in different TRXh5 genotypes after 6 h of spider mite infestation. This
infestation time was selected because it corresponds to the check-point
marking differences in gene expression in Bla-2 vs Kon (Fig. 1). Using

fluorescence-based assays and the confocal microscopy, we quantified
the ROS and NO levels in the different genotypes. Additionally, HO2
was localized by using DAB (Fig. S10), and precipitates quantification
lead to similar results to ROS. The accumulation of ROS and NO were
influenced by both Arabidopsis genotypes and mite infestation (Fig. 5
and Fig. S10). Despite complexity, we observed the following patterns: i)
levels of both ROS and NO increased in the WT upon mite infestation,; ii)
even though levels of ROS increased and levels of NO decreased in T-
DNA insertion lines relative to non-transformed control, they were not
affected by mite infestation state; iii) levels of both ROS and NO
increased in TRXh5 over-expression lines in the absence of mites, but
decreased upon mite infestation.

As TRXh5 has been shown to have selective protein denitrosylation
activity involved in plant immunity [48], we further checked if differ-
ences in the redox levels between Arabidopsis genotypes might be linked
to protein S-nitrosylation mediated by the thioredoxin. Thus, we ana-
lysed the S-nitrosylation pattern of the different lines using the biotin
switch method, converting unstable S-NO groups into more stable bio-
tinylated groups. The immunoblots, using an anti-biotin antibody,
revealed different levels of biotinylated proteins among TRXh5 geno-
types (Fig. 6). In WT plants, quantification of the signal associated with
S-nitrosylated proteins showed an increase after 6 h of treatment to
decrease at 24 h of treatment. Notably, depending on the Arabidopsis
genotype the signal detected in our assay differed. While an increase of
the signal related to S-nitrosylated proteins was observed in trxh5
mutant lines respect to WT, in TRXh5 over-expression lines S-nitro-
sylated proteins practically disappeared (Fig. 6). The addition of GSNO
and the absence of biotin or ascorbate in the experimental reaction
confirmed the attribution of the detected bands to S-nitrosylated pro-
teins (Fig. S11). These results support the participation of TRXh5 in
redox homeostasis that affects a wide range of proteins in a
TRXh5-concentration dependent manner.
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3.8. S-nitrosylation pattern of TIRK

As TRXh5 is able to reverse SNO modifications [48], and in our
TRXh5 over-expression lines, S-nitrosylation signal practically disap-
pears, we further explored whether TIRK is S-nitrosylated in vivo and if
TRXh5 is able to regulate S-nitrosylation pattern of this receptor.
Therefore, protein extracts from 35S:: TIRK-GFP plants, incubated for 30
min or not with extracts from the TRXh5 over-expressipn line were
assayed by the biotin switch method. Western-blot analysis on S-nitro-
sylated purified protein with an anti-GFP antibody showed the corre-
sponding S-nitrosylation state of TIRK in vivo. S-nitrosylation signal of
TIRK decrease in the presence of TRXh5 over-expression line extracts
(Fig. 7), suggesting that TRXh5 is a redox regulator of the receptor.
UV-induced SNO photolysis was used as a control (Fig. 7).

3.9. Hormonal responses in Arabidopsis TRXh5 altered backgrounds

Since ROS, RNS and redox-dependent posttranslational modifica-
tions (PTMs) regulate the activation of several hormonal signalling
pathways, the accumulation of hormones related to defensive pathways,
such as OPDA, JA, JA-Ile and SA, were measured in leaves infested and
non-infested with mites (Fig. 8). The levels of OPDA showed non-
significant variations between infested and non-infested plants inde-
pendently of the plant genotype. JA accumulated in leaf tissues after 6 h
of mite infestation in the three Arabidopsis genotypes. However, this
accumulation was significantly higher in plants over-expression the
TRXh5 gene, suggesting that TRXh5 modulated the JA biosynthesis/
signalling pathway. In contrast, JA-Ile content increased in infested WT
plants relative to the non-infested plants, but it did not show differences
in TRXh5_3.3 and trxh5_2 lines either in the presence or absence of mites.

Regarding SA content, only a reduction tendency was observed in the
TRXh5 mutant line after 6 h of infestation.

4. Discussion

The diversity of mechanisms used by TRXs to regulate plant immu-
nity represents a challenging issue that is currently the focus of defence
signalling research studies [5,6]. These proteins not only reduce
S-nitrosothiols (-SNO), S-sulfenic acids (-SOH), and disulfides (S-S) to
allow ROS and RNS signalling but also bind cysteine residues to guard
critical proteins. To date, TRXh5 has been associated with the Arabi-
dopsis response to different abiotic and biotic stresses. Among biotic
stimuli, TRXh5 gene expression was up-regulated during incompatible
interactions with the bacterial pathogen Pseudomonas syringae [49]. A
transcriptomic data analysis reported induction of TRXh5 expression in
response to the necrotrophic fungus Botrytis cinerea, the oomycetes
Phytophthora infestans and Hyaloperonospora parasitica [50]. Recently,
we have reported that the induced expression of TRXh5 was associated
with herbivory by a range of arthropods belonging to different guilds,
such as the acarian T. urticae, the lepidopteran Pieris rapae, and the thrip
Frankliniella occidentalis [51]. Here, using trxh5 mutants and TRXh5
over-expression plants, we confirm the role of TRXh5 in Arabidopsis
defence against T. urticae. While over-expression plants were less
damaged and accumulated a lower number of T. urticae eggs than WT
plants, trxh5 mutants were more injured and a higher number of eggs
was detected in these plants.

Our findings show that plants with altered expression of TRXh5 show
disturbance in ROS homeostasis with slightly accumulation in both,
silenced mutants and TRXh5 over-expression plants under control con-
ditions. As thioredoxins are involved in HyO9 scavenging [2,52,53],
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higher amounts of TRXh5 protein are expected to be associated with low
H,0, although compensatory effects for constitutive over-expression
may have induced Hy0O, production. As previously reported [12],
H305 levels increased upon mite treatment. However, while we have
shown that trxh5 mutants maintained an elevated level of ROS, TRXh5
over-expression plants decreased the amount of ROS upon mite infest-
taion. In the case of NO, no increase in this molecule was observed upon
mite treatment in trxh5 mutants, probably due to the absence of normal
denitrosylation activity. Surprisingly, the interaction of mites and
TRXh5 over-expression plants led to a decrease in NO content despite the
positive effect on NO accumulation provoked by both mite stress and
TRXh5 activity. Above a certain threshold, NO and ROS would trigger
plant cell death, while below this threshold would act as signalling
molecules [54,55]. Therefore, the elevated basal levels of NO and ROS
detected in TRXh5-over-expression plants are expected to trigger rapid
activation of signalling pathways that must be promptly stopped to
avoid toxicity. This rapid activation may correlate with a minor sus-
ceptibility to the spider mite and a higher increase in JA levels.

An increase in ROS generation was found in the yeast Candida albi-
cans treated with the TRXh5 protein, which was associated with the
inhibition of fungal growth production [56]. Likewise, NO and HyO5
levels regulate the accumulation of defence-related hormones such as JA
and SA. Increased levels of ROS or RNS lead to the activation of the JA
and SA pathways [55,57]. Therefore, higher levels of H,O5 and NO
levels are expected to affect the basal levels of JA and SA hormones.
However, these levels were similar in plants with different basal
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expression of TRXh5, suggesting that additional regulatory pathways
modulate the effect of NO and Hy0, on hormonal induction. Interest-
ingly, JA content increased in response to mites in all genotypes, mainly
in TRXh5 over-expression lines. Taking into account the absence of
changes in OPDA, a precursor of JA synthesized in chloroplasts, the
increase of JA could be due to activation of peroxisomal p-oxidation.
This hypothesis is supported by the up-regulation of Acyl-CoA oxidase 1
(ACX1) observed in the transcriptome carried out in plant response to
T. urticae [58]. ACX1 is a key enzyme involved in JA biosynthesis and
can be regulated by phosphorylation and ROS- and NO-dependent PTMs
[59], although the mechanisms have not been described so far.

In addition, TRXh5 was reported to physically interact in silico with
the cytosolic NPR1 oligomers. Upon activation of SA signalling, TRXh5
facilitates the denitrosylation of NPR1 oligomers, realising NPR1
monomers for translocation into the nucleus where they activate SA-
responsive immune gene [20,48]. Our results showed a significant role
for TRXh5 denitrosylation activity as supported by the decrease in the
S-nitrosylation dependent signal observed in the TRXh5 over-expression
plants, and according to previous results that showed TRXh5 contribu-
tion to protein denitrosylation activity in plant cells [48]. Lower levels of
S-nitrosylation in TRXh5 mutants may explain higher NO levels
observed in the mutants under control conditions. However, differential
regulation of NO metabolism may occur in these lines, under control and
stress conditions, affecting to nitrate reductase, and/or nitro-
soglutathione reductase, being both of them regulated by S-nitro-
sylation. As it has been shown previously, NO regulates its own
homeostasis in a complex way that remains to be completely elucidated
[60,61]. More evidences suggest however, that NPR1 acts as a central
hub for immune response, acting also downstream JA and ethylene
during development of induced resistance [62], and regulating defence
hormone crosstalk [63,64]. These results suggest that TRXh5 has a
central role in the regulation of plant immune responses, which may be
involved in different hormone-dependent signalling pathways.

The subcellular location of TRXh5 in the cytosol, the membrane
systems and the nucleus is compatible within a scenario in which TRXh5
interacts with diverse proteins to control various physiological pro-
cesses. Consistently, TRXh5 was reported to physically interact in silico
with at least 63 proteins, being one of them the LRR-receptor TIRK.
Interactions between TRXh5 and membrane-associated proteins have
been described, mainly transmembrane transporters and kinase-like
receptors. This is the case of the NB-LRR (LOV1) receptor [22]. The
role of LOV1 in plant immunity is supported by LOV1-mediated cell
death triggered by the necrotrophic fungus C. victoriae, which secretes a
toxin that binds to TRXhS5 at the active site Cys39, causing the release of
LOV1 [22]. This example supports the role of TRXh5 as a guardee of
client proteins involved in the perception of foreign stimuli and as a
regulator of signalling pathways. Interestingly, genes coding for some of
these kinase-like receptors were induced upon mite infestation [58].
While CRK14, CRK31, and LECRK62 showed a notable induction upon
30 min of mite infestation, CRK2, WAK3, and TIRK showed a moderate
but significant up-regulation in response to the mite treatment. As TIRK
encodes a protein previously uncharacterized, it was selected as an
excellent candidate for further analysis of the physiological function of
the TRXh5-RLK interactions. In fact, TRXh5 and TIRK do not only share
their induction by mite infestation and colocalize in the plasma mem-
brane, but we demonstrate that they interact as shown by in vivo BiFC
and ColIP assays. In addition, alterations in TIRK levels, either by
over-expression or silencing this gene, modify the basal expression
pattern of the TRXh5 gene.

TIRK belongs to the LRRII-RLK subfamily, formed by three sub-
groups, the SERK receptors, the NIK1-like receptors, and three receptors
with unknown functions [65]. Among the SERKs, SERK3/BAKl,
together with SERK4, functions as a co-receptor of several RLKs related
to plant immunity, such as the bacterial sensors FLS2 and EFR or the
receptors of the plant-derived elicitors PEPR1 and PEPR2 [66]. In
contrast, NIK1 positively regulates antiviral activity and has a negative
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whether the two independent factors, T (treatment with mites) and G (genotype), and/or their interaction, I (T x G), were statistically significant (Two-way ANOVA,
p > 0.05). When the interaction was not significant, Student-Newman-Keuls test was performed.

role in antibacterial immunity by interacting with the BAK1/FLS2
complex [67]. TIRK belongs to the third group of RLKs with an unknown
function. The members of this group share a short extracellular LRR
domain with the SERK and NIK-like receptors, suggesting a role in the
perception machinery. Consistent with this regulatory role, the inter-
action of TIRK with at least 38 RLKs has been reported [68]. Further-
more, two of these interactors, RLK7 and SIF4, have been related to
immune responses and their coding genes are rapidly induced upon mite
treatment [58,69,70]. Whether these interactions lead to activation of
ligand-receptor complexes triggering phosphorylation cascades remains
to be elucidated. In any case, increased damage of tirk mutant leaves
caused by mite feeding and higher mite fecundity in these plants
demonstrate the role of TIRK in the establishment of the Arabidopsis
defence response to mite attack. In summary, the TRXh5 and TIRK genes
are induced by mite infestation and encode interacting proteins neces-
sary for the establishment of Arabidopsis resistance to T. urticae.
Furthermore, TRXh5 interacts with TIRK and is able to regulate the
redox state of the receptor. Thus, we showed that TIRK is S-nitrosylate in
vivo and that in the presence of TRXh5 over-expression lines, the
S-nitrosylation pattern of TIRK decreases. Computational prediction by
GPSNO [71] point to Cys409 in the cytoplasmic kinase domain of TIRK
as a possible target of S-nitrosylation. In many cases, the interaction
between S-nitrosylation and phosphorylation has been described in
animal tissues, and in particular, the regulation of kinase activity by
S-nitrosylation leading to the suppression of protein kinase activity, the
disruption of the interaction with the substrate, the change of
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localization or even the conversion from kinase into S-nitrosylase [72].
Whether S-nitrosylation may affect TIRK activity, localization or sub-
strate specificity need further analyses however.

5. Conclusions

In conclusion, our results point to a TRXh5-dependent complex
network of interactions as possible targets that regulate diverse activ-
ities. Presumably, TRXh5 modulates the establishment of Arabidopsis
defences against mite herbivory at different steps of signal transduction,
from the perception of mite feeding, represented by its interaction with
the TIRK protein, to the regulation of gene transcription through redox
PTMs of key proteins involved in immune response (Fig. 9). The future
challenge is to understand if and how TRXh5 discriminates between its
putative protein targets and modulates plant responses to optimize
Arabidopsis defence against the two-spotted spider mite T. urticae.
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