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Acibenzolar-S-methyl (ASM), the active ingredient in Actigard® (Syngenta), is a plant

defence elicitor used for the management of bacterial canker caused by Pseudomonas

syringae pv. actinidiae (Psa) in kiwifruit. We examined changes in gene expression

and phytohormone content in two kiwifruit cultivars, ‘Hayward’ (Actinidia chinensis

var. deliciosa) and ‘Zesy002’ (A. chinensis var. chinensis), following ASM application.

In glasshouse studies, ASM-induced resistance to stem inoculation with Psa was

accompanied by upregulation of salicylic acid (SA) defence pathway genes (PR1, PR2,

and PR5) in stems and leaves. The expression of PR1 in ASM-treated plants increased

by c. 5-fold in ‘Hayward’ and by over 15-fold in ‘Zesy002,’ relative to the untreated

controls, whereas PR2 and PR5 increased by up to 4-fold in both cultivars. Orchard

studies over three seasons confirmed the utility of PR1, PR2, and PR5 for monitoring

ASM-induced responses in mature vines. PR1 and PR5 were more strongly induced by

ASM than PR2 and gene upregulation in ‘Hayward,’ was accompanied by a reduction in

Psa leaf spotting; no such relationship was measurable for ‘Zesy002’ because leaf spot

symptoms are rarely expressed. In the third season, six additional gene candidates, BAD,

Gluc2, Class IV Chit, EDS1A, NPR3, and NIMIN2, were responsive to ASM in ‘Hayward’

and ‘Zesy002.’ Gene upregulation was transient, with expression levels increasing by 1 d

after ASM application and declining to control levels between 7 and 14 days. Moreover,

the amplitude of gene upregulation depended on leaf developmental stage and was

greater in the first true leaf and the youngest mature leaves than in immature leaves along

the same shoot. Phytohormone content did not show a repeatable response pattern

to ASM in potted plants or in vines possibly as a consequence of their wider role in

regulating plant growth and mediating environmental responses. In conclusion, this study

demonstrates that defence gene expression can be used to monitor responsiveness to
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ASM in two genetically distinct mature kiwifruit cultivars (‘Hayward’ and ‘Zesy002’) under

orchard conditions. The use of defence marker genes could be of broader utility across

kiwifruit species and could be used to guide ASM application schedules in the orchard.

Keywords: elicitor, phytohormone, pathogenesis-related protein, β-1, 3-glucosidase, induced resistance

INTRODUCTION

Acibenzolar-S-methyl (ASM) is the active ingredient in the
commercially available elicitor product Actigard R©/Bion R©

(Syngenta Crop Protection, Basel, Switzerland) and is arguably
the best known and best characterised plant defence elicitor
(Gorlach et al., 1996; Vallad and Goodman, 2004; Faize and Faize,
2018). ASM is used in kiwifruit orchards to protect kiwifruit
against infection by Pseudomonas syringae pv. actinidiae (Psa),
the most important pathogen of kiwifruit around the world
(Vanneste, 2012). Five Psa biovars can be distinguished within
the pathovar actinidiae but the recent global outbreak was caused
only by strains belonging to biovar 3 (Chapman et al., 2012;
McCann et al., 2013; Vanneste et al., 2013). The ability of Psa to
survive as an epiphyte and to infect through natural openings
and wounds (e.g., stomata, broken trichomes, lenticels, and leaf
abscission scars) (Donati et al., 2020) makes it difficult to control.
Resistance to Psa in kiwifruit is mediated by the salicylic acid
(SA)-responsive defence pathway (Cellini et al., 2014; Wang
et al., 2017, 2018; Wurms K. et al., 2017; Wurms K. V. et al., 2017;
Michelotti et al., 2018; Song et al., 2019), and ASM, a functional
mimic of SA (Tripathi et al., 2019), has been shown to enhance
resistance to Psa infection (Reglinski et al., 2013; Cellini et al.,
2014; De Jong et al., 2019).

Plants orchestrate their response to different pests and
pathogens via interconnected and often antagonistic hormonal
signalling pathways and gene regulatory networks (Berens et al.,
2017; Chen et al., 2020). In general, resistance to biotrophs
is mediated primarily via the SA-responsive pathway, whilst
resistance to necrotrophs is directed by the jasmonic acid (JA)-
responsive pathway (Pieterse et al., 2012). The intracellular
accumulation of SA is important for establishment of systemic
acquired resistance (SAR) because it alters cellular redox thus
resulting in the nuclear migration of the regulatory protein Non-
expressor of Pathogenesis-Related 1 (NPR1) and the subsequent
transcription of pathogenesis related (PR) genes (Mou et al.,
2003). Moreover, NPR3 and NPR4 have been reported to
regulate NPR1-dependent gene expression in a SA concentration
dependent manner (Ding et al., 2018; Backer et al., 2019). ASM
has been shown to operate at the site of or downstream of SA
accumulation (Tripathi et al., 2010) and to induce transcriptional
changes typically associated with SA-mediated SAR including the
expression of classical SAR marker genes pathogenesis-related 1
(PR1), PR2, and PR5 (Friedrich et al., 1996; Lawton et al., 1996;
Durrant and Dong, 2004; Tripathi et al., 2010). Defence genes can
be induced directly by ASM or may be “primed” for enhanced
expression upon subsequent pathogenic attack (Tripathi et al.,
2019).

Advances in our understanding of defence elicitation has
been accompanied by heightened interest in the practical
implementation of induced resistance for plant disease

management (Reglinski et al., 2014). However, plant defence
elicitors have shown variable field efficacy and greater
understanding of factors affecting elicitor responsiveness in
field conditions is lacking. To date, studies on ASM-induced
kiwifruit defence responses to Psa have been carried out in
tightly controlled environments and generally on small whole
plants or detached plant parts (Wang et al., 2017, 2018; Wurms
K. et al., 2017; Wurms K. V. et al., 2017; Michelotti et al., 2018;
De Jong et al., 2019; Song et al., 2019). This study spanned the
laboratory to the field and investigated the use of biochemical
(phytohormones) and molecular (defence genes) markers
of defence elicitation in kiwifruit to monitor ASM-induced
responses over time in potted kiwifruit plants in controlled
glasshouse conditions and in mature vines in the highly dynamic
orchard environment.

The response to ASM was examined in the green fleshed
kiwifruit cultivar Actinidia chinensis var. deliciosa ‘Hayward’
and in the yellow fleshed cultivar A. chinensis var. chinensis
‘Zesy002,’ also known as Gold3. Those two cultivars are the
economically most important cultivars in New Zealand and show
a different level of resistance to Psa (Vanneste, 2017). In contrast
to ‘Hayward,’ leaf spots caused by Psa are only rarely detected on
‘Zesy002’; often the first visible symptoms on this cultivar are
shoot or cane dieback, symptoms which are relatively rare on
‘Hayward’ (Vanneste, 2017). The ability to monitor the onset of
ASM-induced defence responses in kiwifruit in the orchard has
potential to better inform its use in disease management.

MATERIALS AND METHODS

Glasshouse Trials
Plant Material
Clonal Actinidia chinensis var. deliciosa ‘Hayward’ and A.
chinensis var. chinensis ‘Zesy002’ tissue cultured plantlets
(Multiflora, Auckland, New Zealand) were individually
transplanted from an agar growth medium in sealed plastic tubs
to 0.5-L planter bags filled to two thirds with DaltonsTM GB
mix (Daltons, Matamata, New Zealand) and topped up with a
50:50 ratio mix of potting mix and perlite. The plantlets were
placed in a glasshouse under clear plastic tents to maintain
humidity and with supplementary heating for the first 2 weeks
of growth. Plantlets were further grown in normal glasshouse
conditions (15–24◦C, 14 h day length) to approximately 30 cm
tall, with at least three to four fully expanded leaves when used
for experiments. A flood and drain system was used once daily to
water the plants.

Treatment With Actigard
Actigard R© (acibenzolar-S-methyl [ASM], Syngenta, Auckland,
New Zealand) was prepared in de-ionised water at a
concentration of 0.2 g/L and applied to potted kiwifruit
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plants a using a handheld mist sprayer. Untreated control
plants were sprayed with sterile de-ionised water (SDW). After
treatment, plants were kept in the glasshouse for 6 days until
transfer to a quarantine glasshouse for inoculation studies.
Pathogen inoculation was performed 1 week after ASM and
SDW treatment as described below.

Inoculum Preparation
Pseudomonas syringae pv. actinidiae biovar 3 (Psa), strain
10627, (Vanneste et al., 2013) was grown on King’s B medium
(King et al., 1954), and incubated at 28◦C for at least 48 h.
Bacterial colonies were re-suspended in sterile de-ionised water,
and then the cell density was estimated using a NovoSpecTM

spectrophotometer (Amersham Biosciences, Auckland, New
Zealand) (OD= 600 nm). The bacterial suspension was adjusted
to give a final concentration of c. 1 × 108 colony forming units
per mL(CFU/mL), this was confirmed by plating 1/10th dilutions
on King’s B medium and counting the number of colonies after
48 h incubation at 28◦C.

Plants in the glasshouse trials were inoculated by a single stab
to the stem with a sterile needle to a depth of 2–3mm, at a
single point midway between the leaf petiole of the third and
fourth unfurled leaf, followed immediately by pipetting 2 µL of
Psa suspension into the wound. For mock inoculations, sterile
de-ionised water was pipetted instead of inoculum. Inoculated
plants were placed into high-humidity tents (>90%) for 48 h,
after which the relative humidity was reduced by opening vents
on top of the tents. The ambient temperature in the glasshouse
ranged from 16 to 28◦C and the temperature inside the tents
ranged from 20 to 30◦C.

Disease Assessments
Disease severity was assessed at between 13 and 28 days post
inoculation by measuring the length (mm) of the water soaked
lesion extending from the stem inoculation point. There were
12 plants per treatment in the ‘Hayward’ experiment and 20
plants per treatment in the ‘Zesy002’ experiment. A subset of
the mock inoculated untreated controls (n = 6, Hayward; n = 8
‘Zesy002’) were also assessed to confirm that symptom expression
was associated with Psa inoculation.

Tissue Sampling for Phytohormone and Gene

Expression Analysis
Leaf and stem tissue samples were taken immediately before Psa
inoculation (T = 0) and at 3, 6, 24, and 48 h after inoculation.
The upper leaf sampled was the fully expanded mature leaf
immediately above the inoculation point. The mid-ribs of the
leaves were removed before the remainder of the tissue was
taken. Stem tissue for gene expression analysis was taken by
cutting through the stem 0.5 cm above and below the inoculation
point. A 1-cm stem section directly above this, was taken for
phytohormone analysis. All tissue was snap frozen in liquid
nitrogen and then stored at −80◦C. There were four replicates
(individual plants) per time point for each treatment. All four
replicates of upper leaf and stem samples were processed for
phytohormone analysis whilst three of the four replicates were
processed for gene expression analysis.

TABLE 1 | Treatment dates and sampling dates for the orchard trials conducted

on Actinidia chinensis var deliciosa ‘Hayward’ and A. chinensis var chinensis

‘Zesy002’ in 2016, 2017, and 2018.

Cultivar Year Treatment dates Sampling dates

‘Zesy002’ 2016 18 Oct, 26 Oct, 1 Nov. 17 Oct, 18 Oct, 19 Oct, 20 Oct,

25 Oct, 28 Oct, 1 Nov, 8 Nov.

2017 10 Oct, 19 Oct. 18 Oct, 19 Oct, 20 Oct, 30 Oct,

20 Nov.

2018 27 Sept, 10 Oct, 24 Oct. 26 Sept, 28 Sept, 9 Oct, 11 Oct,

23 Oct, 25 Oct.

‘Hayward’ 2016 26 Oct, 1 Nov, 9 Nov 25 Oct, 26 Oct, 27 Oct, 28 Oct, 1

Nov, 3 Nov, 8 Nov, 16 Nov.

2017 19 Oct, 31 Oct, 9 Nov 18 Oct, 30 Oct, 31 Oct, 1 Nov, 7

Nov, 9 Nov, 10 Nov.

2018 16 Oct, 31 Oct, 13 Nov. 15 Oct, 17 Oct, 30 Oct, 1 Nov, 12

Nov, 14 Nov.

Orchard Trials
Orchard trials were conducted on ‘Hayward’ and ‘Zesy002’ vines
at Ruakura Research Orchard (Hamilton, New Zealand) in 2016,
2017, and 2018. Vines were pergola trained with a single vine per
bay. Actigard (0.2 g/L in tap water, 1,000 L/ha) was applied using
a 5-L Maxi Plus pressurised sprayer fitted with a hollow cone
nozzle. There were six single-vine replicates per treatment in the
‘Hayward’ trial in 2016 and seven single-vine replicates in 2017
and 2018. For ‘Zesy002,’ there were nine single-vine replicates in
2016 and five two-vine replicates in 2017 and 2018. The treatment
application dates and leaf tissue sampling schedule are outlined in
Table 1.

Disease Assessment
The incidence and severity of Psa leaf spot necrosis in ‘Hayward’
vines was measured by visually estimating the percentage area of
leaf necrosis on each of 100 leaves per replicate in 2016 and 2017,
and 150 leaves per replicate in 2018. Assessment dates were 14
Nov, 2016, 10 Nov, 2017, and 16 Nov 2018. Psa leaf spotting is
not strongly expressed in ‘Zesy002’ and therefore no disease data
was recorded.

Leaf Sampling for Phytohormone and Gene

Expression Analysis
The first true leaf was sampled from four fruiting shoots per vine.
Four discs (12mm diameter) were cut from each leaf using a
cork borer and the samples were pooled by replicate vine before
being snap frozen in liquid nitrogen and stored at −80◦C. For
phytohormone analysis in ‘Hayward’ there were six replicates in
2016 and seven in 2017 and 2018. For gene expression there were
six replicates in 2016, four in 2017, and five in 2018. For ‘Zesy002’
there were nine replicates in 2016 and five replicates in 2017 and
2018 for both phytohormone and gene expression analysis. In
2018, additional leaf samples were taken at 1 d after spray 3 in
order to examine effects of leaf maturity on responsiveness to
ASM. Three developmentally different leaves were sampled along
the length of a fruiting shoot; the first true leaf, the youngest fully
expanded leaf and a newly emerged leaf. These represent leaves
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from the base, the middle and the tip of the growing shoot. There
were four shoots sampled per replicate vine (n = 5) and leaves
were pooled by leaf type.

Phytohormone Analysis
The samples from the potted plant experiments (100mg fresh
weight) and from the 2016 orchard trials (25mg freeze dried
tissue) were each extracted with 1mL of chilled (4◦C) 80:20
acetonitrile:water to which internal standards had been added
(2.5 ng [2H4] SA, 12.5 ng [2H5] JA, and 6.25 ng [2H6] ABA).
The samples were shaken for 30min at 4◦C on a flat-bed orbital
shaker, extracted overnight at −20◦C and then centrifuged at
13,000 g for 10min at 4◦C. An 800-µL aliquot of each sample was
transferred to a 96-well deep plate and evaporated to dryness in a
refrigerated CentriVap vacuum concentrator at−4◦C (Labconco,
Kansas City, MO, USA). Samples were reconstituted in 200µL of
chilled (4◦C) 80:20 acetonitrile:water and then made basic with
the addition of 1.8mL of 0.67% ammonium hydroxide (aq) prior
to SPE clean-up on a SOLA SAX 96-well plate (10 mg/2mL;
Thermo Scientific, CA, USA). Plates were activated using 2x
1.5mL acetonitrile and equilibrated using 2x 1.5mL 0.67%
ammonium hydroxide (aq). After equilibration, samples were
loaded and washed with 1.5mL of 0.67% ammonium hydroxide
(aq) followed by 1.3mL of methanol. Acidic plant hormones
were eluted with 600 µL 3.77% formic acid in acetonitrile
and evaporated to dryness in a refrigerated centrivap vacuum
concentrator at −4◦C. Samples were reconstituted in 200 µL of
10:90 acetonitrile:water for analysis by Liquid Chromatography
Mass Spectrometry (LCMS). The 2017 and 2018 orchard samples
were extracted using a graphitised carbon solid phase extraction
(SPE)-multiwell plate clean-up instead of an anion exchange
SPE-multiwell plate to improve the retention and recovery of
more polar phytohormones such as salicylic acid glycoside (SAG)
and 12-hydroxyjasmonic acid (12-OH JA). The samples, 25mg
freeze-dried ground tissue (DW), were weighed into 1.5-mL
Eppendorf tubes on dry ice, and to each was added 1mL chilled
(4◦C) extraction solvent (acetonitrile + 0.01% TFA), labelled
internal standard mix [2.5 ng [2H4] SA, 25 ng [2H5] JA, 6.4
ng [2H6] ABA, 0.6 ng [2H10] JA-ile (2018 season only)] and
0.8 g stainless steel beads 0.9–2mm (Next Advance Inc., NY,
USA). Samples were prepared as described by Bulley et al. (2021)
and were reconstituted in 200 µL of 10:90 acetonitrile:water for
analysis by LC-MS. Reagents used for LCMS are described in
Supplementary Table 1.

LCMS Analysis
LC-MS/MS experiments were performed on a 5500 QTrap
triple quadrupole/linear ion trap (QqLIT) mass spectrometer
equipped with a TurboIon-SprayTM interface (AB Sciex, ON,
Canada) coupled to an Ultimate 3000 UHPLC (Dionex, CA,
USA). Plant hormones were separated on a Poroshell 120 SB-
C18 2.7µm 2.1 × 150mm ID column (Agilent Technologies,
CA, USA) maintained at 60◦C. Solvents were (A) water +

0.1% formic acid and (B) acetonitrile + 0.1% formic acid
and the flow rate was 400 µL min-1. The initial mobile
phase, 2% B, was held for 3min before ramping linearly to
16% B at 3.5min, then to 100% B at 7min and holding at

100% B until 8min before resetting to the original conditions.
Injection size was 10 µL. MS data were acquired in the
negative mode using a multiple reaction monitoring (MRM)
method with optimised Q1 and Q3 transitions for each of the
analysed acidic plant hormones (Supplementary Table 2). Other
operating parameters were as follows: dwell time, 10ms; ionspray
voltage, −4,500V; temperature, 600◦C; curtain gas, 45 psi; ion
source gas 1, 60 psi; ion source gas 2, 60 psi. All data were analysed
and processed using Analyst version 1.6.2 and MultiQuant
version 3.0 software packages. Concentrations were calculated on
the basis of the peak area for the endogenous compounds relative
to those determined for the internal standards.

Gene Expression Analysis
Real-Time Quantitative PCR (qPCR)
Tissue samples from the potted plants in the glasshouse and
the orchard vines in 2016 and 2017 were ground by mortar
and pestle using liquid nitrogen. All replicates were processed
from the glasshouse trials, six replicates from the 2016 orchard
trial and four replicates from the 2017 orchard trial. Total
RNA was extracted from ∼100mg of ground tissue using
the Spectrum Plant Total RNA Kit (Sigma-Aldrich, Auckland,
New Zealand) following the supplier’s recommendations. RNA
concentration and purity were determined using a NanoDrop
200c spectrophotometer (Thermo Scientific, Waltham, MA,
USA). To remove any contaminant genomic DNA (gDNA),
1 µg of RNA was treated using a Quanta PerfeCTa DNase
1 kit (DNature, Gisborne, New Zealand) according to the
manufacturer’s instructions. Absence of gDNA in the samples
was checked by qPCR, before first strand cDNA was synthesised
from 1 µg of DNAse-treated RNA using a Quanta qScript cDNA
SuperMix kit (DNature, Gisborne, New Zealand) according to
the manufacturer’s recommendations.

The resultant cDNAwas diluted before use in qPCR reactions.
The optimal cDNA dilution factor was determined by testing
different cDNA dilutions on a subset of samples ranging from low
to high enzyme activity, and selecting the dilution that produced
a doubling of DNA at each cycle, regardless of the amount of
enzyme activity. For the ‘Hayward’ and ‘Zesy002’ glasshouse
trials, the optimal dilution was 25-fold in nuclease-free water, and
for the ‘Hayward’ orchard trials the dilution factor was 10-fold.

Reference genes (RGs) were selected based on previous studies
(Wurms et al., 2011; Cellini et al., 2014; Petriccione et al.,
2015; Wurms K. V. et al., 2017): actin; ubiquitin-conjugating
enzyme (UBC1); protein phosphatase 2A (PP2A), elongation factor
(EF); glyceraldehyde 3-phosphate dehydrogenase (GAPDH); 40S
ribosomal protein (40S); and β-tubulin. To select the most
stably expressed reference genes under the specific conditions
of each experiment, a randomised subset of samples from
each experiment was tested by qPCR against these RGs, and
the two most stable RGs used for normalisation in each trial
were selected using geNorm software, version 3.4. The most
stably-expressed RGs were: 40s and UBC1 for the ‘Hayward’
glasshouse trial; GAPDH and UBC1 for the ‘Zesy002’ glasshouse
trial; actin and UBC1 for the ‘Hayward’ orchard trial 2016; and
40S and PP2A for the ‘Hayward’ orchard trial 2017. A gene
expression normalisation factor (N) for each sample, calculated
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using geNorm and based on the geometric mean of the RGs, was
then used for calculation of the relative expression of each gene
of interest (GoI), as described by Vandesompele et al. (2002).

GoIs were chosen based on their involvement in induced
kiwifruit resistance to Psa as shown by other qPCR studies,
proteomic- and transcriptomic-studies and/or because they were
reliable markers of different hormonal pathways (Table 2).

The primers for RG and GoI were designed in-house using
Primer3 software (The Whitehead Institute, Cambridge, MA,
USA) and were synthesised by Invitrogen (Auckland, New
Zealand), except for: actin and PR1, which came from the work of
Cellini et al. (2014); PP2A, which was fromNardozza et al. (2015);
and LOX2 (Erin Stroud, Plant & Food Research, unpublished
data). Primer sequences are shown in Supplementary Table 3.
Only primer pairs with efficiencies of 80% or greater were used
in the experiment.

Quantitative PCR analysis was performed in triplicate, in a
10 µL reaction volume containing 1 µL of cDNA, 1 µL each of
forward and reverse primers (10µM), 2 µL nuclease-free water
and 5µL of Light Cycler R© 480 SYBR Green 1Master Mix (Roche
Diagnostics GmbH, Mannheim, Germany), on a 2-plex Qiagen
RotorGeneTM 3000. The relative quantification thermal cycling
conditions were: denaturation at 95◦C for 10min, followed by 40
cycles of 15 s denaturation at 95◦C, 15 s annealing at a different
optimised temperature between 55 and 60◦C for each primer set,
and 20 s extension at 72◦C. Inter-run variability was controlled
by including a complete set of treatments on each plate, but
a separate run for each biological replicate, which were then
averaged. Melting curve analysis (60–95◦C at 1◦C increments
with 5 s between each step) was performed after the final qPCR
cycle to validate amplicon specificity. Non-template controls
were also included in each qPCR run to assess the purity of
the reagents.

The relative expression of each GoI was normalised relative to
the RGs. The significance of differences between treatments was
determined by analysis of variance (ANOVA) (see below).

Orchard Trials—‘Zesy002’ (2016, 2017)
Total RNA was isolated and gDNA removed as described
previously for the glasshouse trials. Absence of DNA in the
samples was checked by qPCR using primers specific for
one of the genes used as a reference gene: GAPDH, actin
or 40S rRNA. If no amplicon was obtained, or if the Cq
value was over 35, first strand cDNA was synthesised using
qScript cDNA SuperMix (Quanta BioSciences) according to the
manufacturer’s recommendations.

Dilutions of pooled samples were used to find a cDNA
concentration which gave a Cq value around 20 when using one
of the three RGs. Amplification efficiency was obtained directly
from the machine Eco Real-Time PCR System (Illumina) or was
calculated as the slope of the regression between the log values
and the average Cq values for a range of dilutions.

All qPCR reactions were done in duplicate using PerfeCTa
SYBR R© Green FastMix (Quanta bio) in an Eco Real-Time PCR
System (Illumina). The three genes GAPDH, actin and 40S rRNA
gene were analysed as potential RGs for each of the experiments,

with 40S rRNA and GAPDH being the two most stable RGs in
all cases. Gene expression was determined as described for the
glasshouse trials.

Gene Expression Analysis by PlexSet® NanoString
The most stable RGs and the best differentially expressed GoIs
from the qPCR experiments were also used for NanoString
(Table 2). Additional GoIs were selected on the basis of results
from NanoString experiments on the kiwifruit response to
Psa, and to represent as many different defence response
pathways and temporal stages of defence as possible (Table 2).
Oligomer design for the RG and GoI probes was carried out
by NanoString Technologies Inc. (Seattle, WA, United States
of America), and the oligomers were designed to be highly
specific to the target sequence. The oligomer probes were
synthesised by Integrated DNA Technologies Private Limited
(IDT, Singapore) and comprise a reporter sequence, a capture
sequence, plus probes A + B for 24 gene targets (including six
reference genes) that hybridise to the target sequences of interest
(Supplementary Table 4), forming a tripartite complex.

Sample Preparation
The total RNA from 100mg samples of ground kiwifruit tissue
was extracted, and the concentration and purity were assessed,
as described above for qPCR analysis. The RNA samples were
sent on dry ice to Grafton Clinical Genomics (University of
Auckland, Auckland, New Zealand), where RNA quality and
concentrations were checked using a PipeJet R© Nanodispenser
(BioFluidix GmbH, Freiburg, Germany) and then working
aliquots of 50 ng/µL were prepared with nuclease free water and
stored at –80◦C.

Titration Analysis to Determine the Optimal RNA Input (ng)
To determine the optimum RNA input for the PlexSet, a titration
was run using three samples: two samples with expected high
expression and one “Mix” sample (a pool of all samples to act as
a calibrator for normalisation across different sets of barcodes).
Each sample was run at different total RNA input amounts using
the titration-24 kits. After an overnight hybridisation of 18 h at
67◦C, total barcode counts were calculated and graphed on a
scatter plot. The trend line equation was used to determine the
optimal RNA input (ng) for 150,000 total counts, this being the
optimum level as per NanoString recommendations (Nanostring
Technologies Inc, 2017). The resulting optimal RNA input (1,300
ng) was used in the full PlexSet run.

PlexSet Run
For the PlexSet run, the 15 µL reaction volume in each well-
contained 5 µL hybridisation buffer, 0.5 µL working probe A
(0.6 nM each of Probe As), 0.5 µL working probe B (3 nM each
of Probe Bs), 2 µL of the appropriate Plexset (A-H), and 7
µL of sample RNA at 185.7 ng/µL (optimal RNA input was
determined by titration analysis). The plate was hybridised in the
thermocycler at 67◦C for 19 h.
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TABLE 2 | Genes of interest for analysis of defence expression by quantitative polymerase chain reaction (qPCR) and by PlexSet® NanoString.

Identification (NCBI entrya/Acc#b/Achn#c) Gene name (abbreviation)/*method Reference(s)

FG499230/Acc06864.1/Achn146991 Pathogenesis-related protein family 1 (PR1)d,e Cellini et al., 2014; Wurms K. V. et al., 2017; De

Jong et al., 2019

Acc32487.1/Achn123621 Lipoxygenase (LOX2)d,e Wurms K. V. et al., 2017

Acc09200.1/Achn283101 Jasmonoyl-L-amino acid synthetase (JAR1)d Wurms K. V. et al., 2017

Acc29141.1 Response to desiccation 22 (RD22)d,e This paper

FG455092/Acc03929.1/Achn327311 Glucan endo-1,3-β-glucosidase (PR2)d,e Hill et al., 2015; Wurms K. et al., 2017; Wurms K. V.

et al., 2017; De Jong et al., 2019

AJ871175/Acc28854.1/Achn132631 Pathogenesis-related protein family 5 (PR5)d,e Hill et al., 2015

FG519750/Acc16676.1 RPM1 interacting protein 4 (RIN4)d Wurms K. et al., 2017

Acc15135.1/Achn018511 Jasmonoyl-isoleucine-12-hydrolase (JIH1)e Wurms K. V. et al., 2017

FG457667/Acc00338.1/Achn209011 Class IV acidic chitinase (ClassIV_Chit)e Wurms et al., 2011

Acc01173.1/Achn239251 Benzyl alcohol dehydrogenase (BAD)e De Jong et al., 2019

FG468929/Acc03023.1/Achn175001 WRKY33e Hill et al., 2015

Acc21955.1/Achn121701 Isochorismate synthase (AcICS1)e Cellini et al., 2014

Acc18178.1/Achn380061 Enhanced disease susceptibility 1 (AcEDS1A)e Joglekar et al., 2018

Acc15406.1/Achn326871 Non-expressor of PR genes 3 (NPR3)e Michelotti et al., 2018

FG480859/Acc23128.1/Achn136371 β-1,3-glucosidase (Gluc2)e Hill et al., 2015

Acc28514.1/Achn374111 NIM-interacting protein 2 (NIMIN2)e Michelotti et al., 2018

Acc05869.1/Achn192671 Cytokinin hydroxylase (CYP735A2)e Pilkington et al., 2018

Acc09272.1/Achn112681 Cytokinin oxidase/dehydrogenase 1 (AcCKX1)e Pilkington et al., 2018

Acc31685.1/Achn271931 Adenylate isopentenyl transferase 3 (AcIPT3)e Pilkington et al., 2018

aDifferent identification (ID) numbers have been used in the different references, so all the available ID numbers are presented here. NCBI, National Center for Biotechnology Information.
bAcc numbers come from the manual annotation of the Actinidia chinensis var. chinensis Red5 kiwifruit whole Genome Shotgun project (Pilkington et al., 2018), that has been deposited

at DDBJ/ENA/GenBank.
cA. chinensis var. chinensis “Hongyang” genome sequences are from the project described by Huang et al. (2013). The sequences are found at http://bioinfo.bti.cornell.edu/cgi-bin/

kiwi/home.cgi.
dqPCR analysis.
ePlexSet® NanoString.

Data Analysis
The results were analysed using the nSolver R© software (version
4.0) provided by NanoString Technologies Inc (Seattle, WA,
USA). Normalised data were then statistically analysed, as
described for qPCR results.

Statistical Analysis
Glasshouse Trials
Separate analyses were carried out for ‘Hayward’ and
‘Zesy002’ cultivars, and for the two sources of plant tissue,
stem and upper leaf. Analysis of variance (ANOVA)
was carried out for phytohormone content and for gene
expression for Treatment, Inoculation and Time. The
blocking factor was replicate (four for hormones, three for
gene expression).

The data for all the variables were log-transformed, except
for ‘Zesy002’/Stem JAR1 and LOX2 which were square root
transformed, to ensure normality and homogeneity to meet the
assumptions of ANOVA.

Disease assessment data were analysed as a randomised
block design (RBD) by ANOVA, with data transformation
when necessary to satisfy the assumptions of ANOVA (normal
distribution and homogeneity of variance) and means separation
by Fisher’s Least Significant Difference (P ≤ 0.05).

All analyses were all conducted using GenStat 20th edition
(VSN International Limited, United Kingdom (https://genstat.
kb.vsni.co.uk/).

Orchard Trials
Separate analyses were carried out for ‘Hayward’ and ‘Zesy002’
cultivars, and for each of the 3 years. The data for all the variables
were log-transformed when required to meet the assumptions
of ANOVA of normality and homogeneity. The analyses were
conducted using GenStat 20th edition with the exception of
the phytohormone content data for 2016 and 2017 which were
analysed in GenStat 17th edition (VSN International).

Linear mixed models (via ReML) was employed to analyse
effects of ASM and time on phytohormone content in
2016 and 2017. ANOVA was carried out to determine
the effects of ASM and time on gene expression. For
‘Hayward,’ there were six replicates in 2016 and four in
2017 and for ‘Zesy002’ there were nine replicates in 2016
and five replicates in 2017. In 2018, ANOVA was carried
out to determine effect of ASM and time on phytohormone
content and gene expression. There were seven replicates for
‘Hayward’ and five for ‘Zesy002.’ Contrast factors were used
to compare ASM with the control at each time. ANOVA
was also carried out for gene expression and phytohormone
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content treatment (ASM vs. Control), and leaf type (first true leaf,
youngest mature leaf, and immature leaf) after spray 3 only.

Disease assessment data for ‘Hayward’ were assessed using
hierarchical generalised linear models to test the incidence and
severity of leaf necrosis for the effect of treatment (Control vs.
ASM), separately for each year. The random effect was replicate.
The analysis was carried out in Genstat 21st edition.

RESULTS

ASM Induces Resistance to Psa Stem
Infection and Alters Phytohormone and
Gene Expression Patterns in Potted
Kiwifruit
Untreated ‘Hayward’ plants developed larger stem lesions than
‘Zesy002’ plants following inoculation with Psa (Table 3). Spray
application with ASM, 1 week before stem inoculation, increased
resistance to Psa infection as expressed by smaller stem lesions
in ASM plants than in controls; lesion length was reduced by
∼60% in ‘Hayward’ and by ∼45% in ‘Zesy002’ (Table 3). Tissue
from the stem inoculation site and the adjacent leaf were analysed
to compare changes in phytohormone content and defence
gene expression between control and ASM treated plants after
inoculation with Psa. The concentrations of ABA, SA, JA, and/or
JA-ile were significantly affected by ASM and, in ‘Hayward’
in particular, changed over time (Supplementary Figures 1, 2,
and Supplementary Table 5). However, there was no significant
interaction between ASM and Time and therefore data showing
the effect of ASM alone is presented in Table 4. ASM induced

TABLE 3 | Stem lesion length ±SE (mm) in Actinidia chinensis var. deliciosa

‘Hayward’ and A. chinensis var. chinensis ‘Zesy002’ at 21 days after inoculation

with Pseudomonas syringae pv. actinidiae.

‘Hayward’ ‘Zesy002’

Control 23.3 ± 2.6 11.9 ± 1.7

Actigard (ASM) 9.2 ± 2.6 6.5 ± 1.7

P-value <0.001 0.03

Plants were sprayed with ASM 1 week before inoculation.

an increase in ABA concentration in both cultivars (Table 4)
with the greatest and most consistent response seen in
‘Hayward’ leaves where ABA increased by up to 4-fold compared
with controls (Supplementary Figure 1). ASM also induced a
reduction in JA but an increase in JA-ile in ‘Hayward’ leaves,
and a reduction in SA in ‘Hayward’ stems. In ‘Zesy002,’ JA in
stems was higher in ASM-treated plants than in the control
(Supplementary Figure 2).

The expression patterns for seven genes (PR1, PR2, PR5,
JAR1, LOX2, RD22, and RIN4) were evaluated. The expression
of PR1, PR2, and PR5 were the most strongly upregulated
by ASM in both cultivars, compared with untreated controls
(Figure 1). One week after ASM treatment (T0) PR1 expression
was ∼5-fold higher in ‘Hayward’ and over 15-fold higher in
‘Zesy002’ in ASM-treated plants than in untreated controls whilst
PR5 was 4-fold higher in ‘Hayward’ stems and 3-fold and 5-
fold higher, respectively, in the leaves and stems of ‘Zesy002.’
The upregulation of PR2 by ASM at T0, relative to controls,
was significant only in ‘Zesy002’ stems (4-fold increase). After
inoculation, the expression of PR1 and PR5 increased by up
to 20-fold, and PR2 by up to 6-fold in the leaves of ASM-
treated plants, when compared with controls. Moreover, gene
upregulation was independent of the inoculum (i.e., SDW and
Psa) suggesting that ASM may have “primed” the plants to
enable faster response to stem wounding itself and/or the
associated environmental change whereby inoculated plants were
placed under high humidity to favour infection. None of the
other genes showed a strong or repeatable response to ASM
(Supplementary Figures 3, 4).

Pre-flowering Applications of ASM Reduce
Leaf Spotting Caused by Psa in ‘Hayward’
Vines
Spray application of ASM during the pre-flowering period
resulted in a significant reduction in the incidence and severity
of leaf spotting caused by Psa in ‘Hayward’ vines in the orchard
(Table 5). The incidence of leaf spotting was reduced by ∼40%
and the severity of infection (% leaf area affected) by ∼50% in
each year of the study. No measurable leaf spotting was observed
in ‘Zesy002’ (data not shown).

TABLE 4 | Effect of Actigard (ASM) on the concentrations (ng/g Fwt) of salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), and jasmonate isoleucine (JA-ile) at the

stem inoculation site and in the adjacent leaf in Actinidia chinensis var. deliciosa ‘Hayward’ and A. chinensis var. chinensis ‘Zesy002’ potted plants.

Abscisic acid Salicylic acid Jasmonic acid Jasmonate isoleucine

ng/gFwt ng/gFwt ng/gFwt ng/gFwt

Tissue Control ASM Control ASM Control ASM Control ASM

‘Hayward’ Leaf 74 ± 4 194 ± 10 70 ± 3 74 ± 3 227 ± 12 179 ± 10 27 ± 3 38 ± 3

Stem 170 ± 8 223 ± 10 259 ± 14 168 ± 9 196 ± 13 235 ± 15 18 ± 2 25 ± 2

‘Zesy002’ Leaf 47 ± 3 82 ± 6 40 ± 3 38 ± 2 110 ± 9 91 ± 7 51 ± 4 55 ± 4

Stem 121 ± 7 144 ± 8 248 ± 19 225 ± 18 67 ± 5 84 ± 7 228 ± 18 229 ± 18

Plants were sprayed with water or Actigard (ASM) 1 week before inoculation with sterile distilled water or Pseudomonas syringae pv. actinidiae. Hormone content was measured

immediately before and at 3, 6, 24, and 48 h after inoculation. Data are the average concentrations over the experiment and ASM values in bold are significantly different (P < 0.05) to

respective controls.
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FIGURE 1 | Fold-change in gene expression induced by Actigard at the stem inoculation site and in the adjacent leaf in glasshouse-grown Actinidia chinensis var.

deliciosa ‘Hayward’ plants and A. chinensis var. chinensis ‘Zesy002’ plants before (T = 0 h) and at 3, 6, 24, and 48 h after inoculation with sterile distilled water (SDW)

or a suspension of Pseudomonas syringae pv. actinidiae (Psa). Plants were sprayed with water (Con) or with 0.2 g/L Actigard (ASM) 1 week before inoculation. Gene

expression was quantified by quantitative PCR (qPCR) using 40S rRNA (40S) and ubiquitin-conjugating enzyme (UBC1) as the reference genes. The analysis was

performed at the log2 scale and the heat map shows the relative ratio of transcript levels between Actigard-treated plants and the control. Significant differences at

individual time points are identified with an asterisk (p < 0.05).

Phytohormones Are Differentially Affected
by ASM in ‘Hayward’ and ‘Zesy002’ Vines
Treatment with ASM did not significantly affect leaf hormone
content in ‘Hayward’ vines in 2016 (Supplementary Figure 5

and Supplementary Table 6) or 2017 (Supplementary Figure 6

and Supplementary Table 6). Leaf phytohormone content
differed significantly over time, suggesting a developmental
response, but there was no significant ASM x time interaction

Frontiers in Agronomy | www.frontiersin.org 8 January 2022 | Volume 3 | Article 831172

https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles


Reglinski et al. Defence Expression in Orchard Kiwifruit

TABLE 5 | Incidence and severity of leaf spotting caused by Pseudomonas syringae pv. actinidiae in mature Actinidia chinensis var. deliciosa ‘Hayward’ vines at Ruakura

Research Orchard.

2016 2017 2018

Incidence % Severity % Incidence % Severity % Incidence % Severity %

Control 62.4 ± 3.9 1.0 ± 0.19 50.9 ± 5.2 0.4 ± 0.11 37.9 ± 6.5 0.2 ± 0.03

ASM 36.6 ± 3.8 0.4 ± 0.08 32.3 ± 4.6 0.2 ± 0.05 23.2 ± 5.0 0.1 ± 0.02

P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

In each year the vines were sprayed three times, at 7–14 day intervals, with 0.2 g/L Actigard (ASM). Disease assessment was performed 2–4 days after the final spray. Leaf infection

arose from natural inoculum.

(Supplementary Table 6). In 2018, no significant difference
in the phytohormonal content of the first true leaf was found
between the control and ASM–treated vines at 1 day after the last
of three ASM sprays (Supplementary Tables 6, 7).

In ‘Zesy002’ vines, leaf concentrations of SA and ABA differed
significantly between ASM–treated vines and the control in
2016 (Supplementary Table 8). SA was lower in ASM-treated
vines than in the control at 7 d after spray 1 (p < 0.05),
2 d after spray 2 (p < 0.01), and 7 d after spray 3 (p <

0.01; Supplementary Figure 7). Conversely, ABA concentration
was significantly greater (p < 0.001) in leaves from ASM
vines than in controls at 1 d and 2 d after treatment
(Supplementary Figure 7). Thereafter, ABA concentration did
not differ significantly between ASM and the control. In 2017,
there was no significant difference in hormone concentrations
between ASM and control vines at any of the sampling time
points (Supplementary Figure 8 and Supplementary Table 8).
In 2018, ASM significantly affected the concentrations of ABA
and SAG (Supplementary Table 8); ABA was greater (p < 0.05)
in ASM vines than in the control at 1 d after spray 1 and SAG was
significantly lower (p < 0.05) in ASM vines than in the control at
13 d after spray 1 (Supplementary Figure 9).

ASM Induces Transient Changes in Gene
Expression in ‘Hayward’ and ‘Zesy002’
Pre-flowering spray applications with ASM resulted in significant
upregulation of PR1, PR2, and PR5 in leaves in ‘Hayward’ and
‘Zesy002’ vines in 2016 (Figure 2) and 2017 (Figure 3). In 2016,
the strongest upregulation occurred at 2 d after the first of
three ASM applications in ‘Hayward’ and at 6 d after spray 2 in
Zesy002; expression of PR1 and PR5 increased by up to 5- and 8-
fold, respectively in ‘Zesy002’ and by 4- and 2-fold, respectively
in ‘Hayward.’ PR2 increased by up to 3-fold in ‘Zesy002’ and
up to 4.6-fold in ‘Hayward.’ In 2017, three pre-flowering ASM
sprays were applied in ‘Hayward’ but only two sprays in ‘Zesy002’
because of adverse weather conditions during spring. Relative to
controls the expression of PR1 and PR5 in ASM-treated vines
was increased by up to 5- and 3.5-fold, respectively in ‘Zesy002’
and by 3- and 2-fold, respectively in ‘Hayward’ (Figure 3). PR2
increased by up to 3-fold in ‘Zesy002’ and 4-fold in ‘Hayward’
(Figure 3).

In 2018, the expression of 18 candidate marker genes
was investigated, including regulatory proteins (AcEDS1A,
AP2_ERF2, NIMIN2, NPR3, WRKY33), enzymes involved with

hormone biosynthesis and homeostasis (BAD, AcICS1, LOX2,
AtCKX1, CYP735A2, JIH1) and pathogenesis-related proteins
(PR1, Gluc2, PR5, PR2, ClassIV Chitinase). The expression of
all gene candidates except JIH1 in ‘Hayward’ and JIH1 and
CYP7352A in ‘Zesy002’ changed significantly over time, with
10 genes in ‘Hayward’ and 11 genes in ‘Zesy002’ affected by
ASM (Table 6). As in 2016 and 2017, the expression of PR1,
PR2, and PR5 was significantly upregulated after treatment
with ASM in both cultivars (Figure 4). The expression of
PR1 in both cultivars and PR2 in ‘Zesy002’ depended on
the interaction between time and ASM (Table 6) and was
upregulated by 2- to 3-fold after each spray application.
Similarly, the interaction between time and ASM affected the
expression of AcEDSA1, BAD, NIMIN2, NPR3 in both cultivars
(Figure 5) as well as an additional five genes in ‘Zesy002’
(AcICS1, AP2ERF2, ClassIV Chit, Gluc2, and JIH1; Table 6 and
Supplementary Figure 10). The most highly upregulated gene
in both cultivars was NIMIN2 which was increased by between
2- and 8-fold in ‘Hayward’ and 4- and 10-fold in ‘Zesy002’
relative to respective untreated controls. In general, the effect
of ASM on gene expression was transient, with expression
increasing by 1 d after treatment and then declining to control
levels after 12/13 d (Figures 4, 5 and Supplementary Figure 10,
Supplementary Tables 9, 10).

Leaf Developmental Stage Affects Responsiveness

to ASM
Leaf developmental stage during the pre-flowering period
affected basal gene expression and responsiveness to ASM
(Supplementary Tables 11, 12). Treatment with ASM induced
the upregulation of PR1, PR2, PR5, Gluc2, EDSA1, NIMIN2,
NPR3, and BAD in both cultivars; the amplitude of the
upregulation depended on leaf developmental stage and was
greater in the first true leaf and the youngest mature leaves
than in immature leaves (Figures 6, 7). Indeed, in ‘Hayward’
ASM did not affect gene expression in immature leaves
whilst in ‘Zesy00’ only AcEDS1A and PR2 were significantly
upregulated by ASM. Leaf developmental stage also affected
phytohormone levels (Supplementary Table 13) but, in contrast
to gene expression, phytohormone levels were generally highest
in the immature leaves (Supplementary Table 14). In ‘Hayward’
treatment with ASM resulted in a significant reduction in SA
in the immature leaf and a reduction in SAG in the youngest
mature and the immature leaf (Supplementary Figure 11).
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FIGURE 2 | Expression of PR1, PR2, and PR5 in leaves of Actinidia chinensis var. deliciosa ‘Hayward’ (A) and A. chinensis var. chinensis ‘Zesy002’ vines (B) at

different times after Actigard (ASM) application during spring in 2016. Actigard (ASM) was sprayed on ‘Zesy002’ on 18 October, 26 October, and 1 November, and on

‘Hayward’ on 26 October, 1 November, and 9 November. Gene expression was quantified by qPCR using actin and ubiquitin-conjugating enzyme as the reference

genes for ‘Hayward,’ and 40S rRNA and GAPDH as the reference genes for ‘Zesy002.’ Data were log2 transformed for analysis, but are presented as

back-transformed means. Asterisks above bars indicate significant treatment differences, where * <0.05, ** <0.01, and *** <0.001.

ASM did not affect phytohormone concentrations in ‘Zesy002’
(Supplementary Table 13).

DISCUSSION

Numerous studies have described the use of molecular markers
to monitor induced resistance to pests and pathogens in
laboratory and glasshouse environments, but relatively few have
demonstrated their use to monitor defence elicitation on mature
plants in the field (Acimovic et al., 2015; Johnson and Temple,
2016; Bellée et al., 2018; Hu et al., 2018). This study examined
changes in phytohormone level and in gene expression in
potted ‘Hayward’ and ‘Zesy002’ kiwifruit plants and in mature
orchard vines after treatment with the commercial elicitor

Actigard [a.i. acibenzolar-S-methyl (ASM)]. Actigard is used for
the management of Psa in kiwifruit orchards and its active
ingredient, ASM, is a functional mimic of SA and has been shown
to activate kiwifruit resistance to Psa by activation of the SA-
responsive defence pathway (Cellini et al., 2014; Wurms K. et al.,
2017; Michelotti et al., 2018). Accordingly we found that ASM
enhanced resistance against Psa in potted kiwifruit and induced
the expression of defence genes associated with the SA-pathway,
in particular PR1, PR2, and PR5. Moreover, the same three genes
as well as other SAmarkers, BAD, AcEDS1A, NPR3, andNIMIN2,
were upregulated in the leaves of orchard grown kiwifruit vines
following treatment with ASM. Interestingly, the amplitude of
the gene upregulation depended on leaf developmental stage thus
demonstrating the potential utility of these markers as a tool to
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FIGURE 3 | Expression of PR1, PR2, and PR5 in leaves of Actinidia chinensis var. deliciosa ‘Hayward’ (A) and A. chinensis var. chinensis ‘Zesy002’ vines (B) at

different times after Actigard (ASM) application during spring in 2017. Actigard (ASM) was sprayed on ‘Zesy002’ on 10 October, and 19 October, and on ‘Hayward’ on

19 October, 31 October, and 9 November. Gene expression was quantified by qPCR using 40S rRNA (40S) and protein phosphatase 2A as the reference genes for

‘Hayward,’ and 40S and GAPDH as the reference gene for ‘Zesy002.’ Data were log2 transformed for analysis, but are presented as back-transformed means.

Asterisks above bars indicate significant treatment differences, where * <0.05, ** <0.01, and *** <0.001.

monitor the ASM-induced defence response in field conditions.
Conversely, phytohormonal levels were highly variable and did
not exhibit consistent response patterns to ASM. This variability,
particularly in the orchard, may be a consequence of the highly
dynamic role played by phytohormones in regulating plant
development and their responses to multiple biotic and abiotic
environmental triggers (Verma et al., 2016).

The induction of resistance to Psa in potted kiwifruit by ASM
has been shown to correlate with increased expression of these
of SA-pathway markers PR1, PR2, and PR5 (Cellini et al., 2014;
Beatrice et al., 2017; Wurms K. V. et al., 2017; Michelotti et al.,
2018; De Jong et al., 2019). This study confirms and extends
these findings by employing these genes to monitor the onset
of the ASM-induced defence response in mature kiwifruit in
an orchard environment over three consecutive seasons. The

same vines were used each year to minimise inter-vine and
inter-orchard variations. Nevertheless, there remain many more
confounding factors in the orchard environment than in the
more tightly controlled environments used for potted plant trials
and the consistency of the response of these three genes in
the orchard validates their utility as markers, particularly so
when contrasted with the hormonal response patterns. PR1,
PR2, and PR5 were significantly over-expressed (up to 7-fold
increases in expression) in ASM-treated vines compared with
the controls in each orchard trial. In each of the three seasons,
gene upregulation was transient, with expression levels tending
to return to control levels by 11–14 days post treatment.
However, this was somewhat confounded by the different spray
intervals in the trials, and further studies with more extensive
sampling regimes are required to more accurately profile the
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TABLE 6 | P-values from the statistical analyses to determine the effect of Actigard (ASM) application and time on gene expression in leaves of Actinidia chinensis var.

deliciosa ‘Hayward’ and A. chinensis var. chinensis ‘Zesy002’ kiwifruit vines in spring in 2018.

‘Hayward’ ‘Zesy002’

Time ASM Time × ASM Time ASM Time × ASM

AcEDS1A 0.000 0.000 0.000 0.000 0.000 0.000

AcICS1 0.000 0.001 0.500 0.007 0.148 0.038

AP2_ERF2 0.048 0.534 0.723 0.000 0.006 0.000

AcCKX1 0.001 0.883 0.764 0.000 0.071 0.926

AcIPT3 0.001 0.413 0.702 0.000 0.550 0.324

BAD 0.000 0.003 0.000 0.000 0.000 0.000

ClassIV_Chit 0.000 0.002 0.174 0.000 0.013 0.036

CYP735A2 0.837 0.905 0.784 0.100 0.919 0.300

PR2 0.000 0.000 0.389 0.000 0.001 0.028

JIH1 0.841 0.602 0.860 0.000 0.003 0.000

LOX2 0.000 0.806 0.340 0.000 0.315 0.841

NIMIN2 0.000 0.000 0.000 0.000 0.000 0.000

NPR3 0.000 0.000 0.000 0.000 0.000 0.000

PR1 0.000 0.000 0.000 0.000 0.000 0.026

Gluc2 0.000 0.021 0.827 0.000 0.000 0.000

PR5 0.000 0.000 0.118 0.000 0.002 0.290

RD22 0.000 0.362 0.605 0.000 0.494 0.851

WRKY33 0.000 0.306 0.108 0.000 0.881 0.239

Probability values below 0.05 are in bold.

temporal patterns of gene upregulation after ASM application.
The expression profiles of PR1, PR2, and PR5 tended to vary
between cultivars and over time with no evidence of a strong
cultivar dependent response. Although different RGs were used
in the analysis of some qPCR experiments, the conclusions were
validated by the Nanostring experiment in 2018 in which all the
different RGs were used simultaneously for normalisation.

In the potted plant trials, inoculation with Psa was performed
by stabbing the stem. This differs from the Cellini et al. (2014)
study where plants were spray inoculated with Psa. Nevertheless,
similar results were found with ASM-induced resistance to
Psa being accompanied by increased expression of PR1, PR2,
and PR5. ASM has been shown to induce resistance by direct
activation of gene expression and by augmenting subsequent
expression induced by a secondary stimuli, a phenomenon
known as priming (Kohler et al., 2002; Beckers and Conrath,
2007). In the potted plant studies there was evidence of
both direct activation (before inoculation) and priming (post
inoculation) of PR1, PR5, and PR2 in the ASM treated plants.
In most cases the priming response was observed in both SDW
and Psa inoculated plants thus suggesting that priming was
associated with the wound response and not with the pathogen
per se. However, the upregulation of PR1 and PR5 was greater in
‘Hayward’ stems at 24 h after inoculation in Psa inoculated plants
than in plants inoculated with SDW. The GoIs tended to be more
strongly expressed in untreated ‘Hayward’ plants than in their
‘Zesy002’ counterparts and yet ‘Hayward’ was more susceptible
to Psa than ‘Zesy002’ as evidenced by the development of larger
stem lesions. However, gene upregulation by ASM was generally

greater in ‘Zesy002’ than in ‘Hayward,’ relative to the controls.
For example, PR1 expression increased by 5-fold in response to
ASM in ‘Hayward’ leaves and stems compared with >15-fold
increases in ‘Zesy002’ counterparts. One hypothesis is that the
greater responsiveness of ‘Zesy002’ to ASM, when compared with
‘Hayward,’ rather than the constitutive expression levels, may, in
part, account for its more effective resistance to Psa inoculation.

The modes of action of PR1, PR2, and PR5 may, in part,
explain their utility as markers of ASM-induced resistance and
their importance in the kiwifruit-Psa interaction. ASM is known
to be effective against Psa (Collina et al., 2016) and operates
as an SA-mimic in a signalling cascade that culminates in the
establishment of SAR (Friedrich et al., 1996; Tripathi et al., 2010).
PR1 in particular is regarded an essential player in activation of
SAR (Vlot et al., 2009) and upregulation of PR1 by ASM has
been shown to be associated with onset of resistance to Psa in
potted kiwifruit plants (Cellini et al., 2014). PR1 was also shown
to inhibit pathogen growth via sequestration of sterol (Gamir
et al., 2017). This is a broad spectrum defence mechanism,
which is especially effective against sterol auxotrophs, including
most bacteria, because they must obtain sterols from their
environment, and sterols play vital roles in regulating membrane
fluidity and permeability (Kazan and Gardiner, 2017). The
PR2 family include the β-glucosidases [E.C.3.2.1.21] and β-
1,3-glucanases that can convert inert stored conjugates of
phytohormones and antimicrobial secondary metabolites into
more biologically active forms by the removal of sugar residues
(Morant et al., 2008). The deployment of the bioactive molecule
via enzymatic sugar hydrolysis rather than de novo synthesis
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FIGURE 4 | Expression of PR1, PR2, and PR5 in leaves of Actinidia chinensis var. deliciosa ‘Hayward’ (A) and A. chinensis var. chinensis ‘Zesy002’ (B) vines at

different times after Actigard (ASM) application during spring in 2018. Actigard (ASM) was sprayed on ‘Zesy002’ on 27 September, 10 October, and 24 October, and

on ‘Hayward’ on 16 October, 31 October, and 13 November. Gene expression was measured by PlexSet® NanoString where the Y-axis represents physical counts of

the number of molecules expressed. Data were normalised against six references genes—40s rRNA, actin, elongation factor, glyceraldehyde 3-phosphate

dehydrogenase, protein phosphatase 2A, and ubiquitin-conjugating enzyme. Data were log2 transformed for analysis, but are presented as back-transformed means.

Asterisks above bars indicate significant treatment differences, where * <0.05, ** <0.01, and *** <0.001.

may be important in the kiwifruit-Psa interaction. PR5 proteins,
also known as thaumatin-like proteins (TLP), are induced by
a range of biotic and abiotic stresses (Liu et al., 2010) and
have been shown to exhibit antimicrobial activity by affecting
fungal cell wall integrity. The involvement of PR5 in defence
against bacterial pathogens is less well-understood but may
involve membrane permeabilisation. A basic form of a TLP
has shown direct antimicrobial activity against a P. syringae
pathovar of soybean (Liu et al., 2016). A different member of
the PR5 family was found not to respond to ASM treatment
on another A. chinensis var. chinensis cultivar (Cellini et al.,
2014).

In commercial orchards in New Zealand, ASM is applied
during the pre-flowering period to protect vines against infection
by Psa. In the current study, pre-flowering applications of ASM
resulted in the upregulation of PR1, PR2, and PR5 expression in
the leaves of ‘Hayward’ and ‘Zesy002’ vines. Gene upregulation in
‘Hayward’ was accompanied by a reduction in Psa leaf spotting
whereas no such relationship was measurable for ‘Zesy002’
because leaf spot symptoms are rarely expressed in this cultivar
(Vanneste, 2017). There was evidence of differential expression
of PR1, PR2, and PR5 between the two cultivars across the 3
years of the study, with PR1 and PR5 tending to be greater in
‘Hayward’ than ‘Zesy002’ and the reverse being the case for PR2.
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FIGURE 5 | Expression of AcEDS1A, BAD, NIMIN2, and NPR3 in Actinidia chinensis var. deliciosa ‘Hayward’ (A) and A. chinensis var. chinensis ‘Zesy002’ (B) in

spring 2018, as measured by PlexSet® NanoString, and the Y-axis represents physical counts of the number of molecules expressed. Actigard (ASM) was sprayed on

‘Zesy002’ on 27 September, 10 October, and 24 October, and on ‘Hayward’ on 16 October, 31 October, and 13 November. Data were normalised against six

references genes—40s rRNA, actin, elongation factor, glyceraldehyde 3-phosphate dehydrogenase, protein phosphatase 2A, and ubiquitin-conjugating enzyme. Data

were log2 transformed for analysis, but are presented as back-transformed means. Asterisks above bars indicate significant treatment differences, where * <0.05,

** <0.01, and *** <0.001.

In 2018, the constitutive expression of PR1 in untreated controls
was, on average, approximately 5-fold greater in ‘Hayward’ than
in ‘Zesy002.’ However, ASM induced a 2- to 3-fold upregulation
in PR1 in both cultivars meaning that the constitutive expression

level of PR1 in ‘Hayward’ tended to be greater than the ASM-
induced level in ‘Zesy002.’ Differences between constitutive and
ASM inducible expression were also observed for PR5 (‘Hayward’
> ‘Zesy002’) and PR2 (‘Zesy002’ > ‘Hayward’) but these were
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FIGURE 6 | Expression of PR1, PR2, PR5, AcEDS1A, NIMIN2, NPR3, and BAD in Actinidia chinensis var deliciosa ’Hayward’ leaves of differing maturity in spring

2018, as measured by PlexSet® NanoString, and the Y-axis represents physical counts of the number of molecules expressed. Actigard (ASM) was sprayed on 16

October, 31 October, and 13 November and leaves were sampled on 14 November. Data were normalised against six reference genes—40s rRNA, actin, elongation

factor, glyceraldehyde 3-phosphate dehydrogenase, protein phosphatase 2A, and ubiquitin-conjugating enzyme. Data were log2 transformed for analysis, but are

presented as back-transformed means. Asterisks above bars indicate significant treatment differences, where * <0.05, ** <0.01, and *** <0.001.
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FIGURE 7 | Expression of PR1, PR2, PR5, AcEDS1A, NIMIN2, NPR3, and BAD in Actinidia chinensis var chinensis ‘Zesy002’ leaves of differing maturity in spring

2018, as measured by PlexSet® NanoString, and the Y-axis represents physical counts of the number of molecules expressed. Actigard (ASM) was sprayed on 27

September, 10 October, and 24 October and leaves were sampled on 25 October. Data were normalised against six reference genes—40s rRNA, actin, elongation

factor, glyceraldehyde 3-phosphate dehydrogenase, protein phosphatase 2A, and ubiquitin-conjugating enzyme. Data were log2 transformed for analysis, but are

presented as back-transformed means. Asterisks above bars indicate significant treatment differences, where * <0.05, ** <0.01, and *** <0.001.
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less marked than with PR1. Taken together these data suggest
that PR1, PR2, and PR5 are useful markers for ASM-induced
responses in kiwifruit vines but their absolute expression levels
may not necessarily correlate with relative levels of Psa resistance
in these two cultivars as measured by leaf spot symptom
expression. Interestingly, this differs with a study in apple where
defence induction (28 genes) by ASM in five genotypes correlated
with their basal susceptibility to apple scab i.e., the greatest
induction by ASM was observed in the most resistant genotype
(Marolleau et al., 2017). The same study also reported that
two successive ASM applications to apple seedlings provided
greater protection against leaf infection by Erwinia amylovara
than a single spray. In the current study, the reliance on natural
infection and the lack of leaf spot symptoms in ‘Zesy002’ meant
that no equivalent measure could be made. Nevertheless, based
on gene upregulation there was no evidence of that successive
applications of ASMhad a cumulative effect on defence induction
in kiwifruit vines.

A larger group of host genes was investigated in the orchard
in 2018. Of these additional genes, NIMIN2, NPR3, AcEDS1A,
and BADwere significantly upregulated byASM in both cultivars.
Gene upregulation was transient after each of three sprays with a
strong upregulation 1 d after ASM treatment and then a return
to control levels by 12/13 days post treatment and before the
next application. The expression levels of AcEDS1A and BAD
were similar in both cultivars whereas NIMIN2 and NPR3 were
generally greater in ‘Zesy002’ than in ‘Hayward’ for both ASM-
treated and control plants. These genes are associated with SA
defence pathway with EDS1A playing a role in the regulation of
SA accumulation whilst NPR3 actively binds SA and interacts
with NIMIN2 to promote the transcription of defence-related
genes including PR genes (Chen et al., 2020) (Hermann et al.,
2013). It is not known if NPR3 binds the ASM in a similarmanner
to SA. The role benzyl alcohol dehydrogenase (BAD) in SA
defence activation is less well understood, however, upregulation
of the same BAD isoform was by ASM and/or a yeast biocontrol
agent was shown to correlate with resistance to Psa in ‘Hayward’
kiwifruit in glasshouse studies (De Jong et al., 2019). In other
studies BAD has been associated with localised detoxification of
fungal toxins at pathogen infections sites (Guillen et al., 1998;
Colrat et al., 1999).

ClassIV_Chit (PR3 family) and Gluc2 (PR2 family) were also
significantly upregulated by ASM in both cultivars, but did
not show a significant Time x ASM interaction. These genes
encode for chitinase and glucanases, respectively, and are more
commonly normally associated defence against fungal pathogens
(Lawrence et al., 2000). However, and up-regulation of the same
ClassIV_Chit isoform correlated with ASM-induced reduction of
Psa leaf infection in glasshouse ‘Hayward’ plants (De Jong et al.,
2019). Markers of the JA and ABA pathways (LOX2, JAR1, and
RD22), did not correlate with ASM-induced resistance to Psa in
the potted trial, nor did expression show statistically significant
or consistent trends that could be related to ASM treatment
or cultivar in mature vines. This agrees with other studies
reporting that ASM-induced resistance to Psa predominantly
involves the SA pathway (Cellini et al., 2014; Michelotti et al.,
2018).

The frequency of elicitor application is a crucial consideration
for field implementation and particularly so because of potential
trade-offs associated with the diversion of finite resources into
defence at the expense of growth (Walters andHeil, 2007). Repeat
application of elicitors such as ASM has been associated with a
decrease in yield in cantaloupe and tomatoes (Kunwar et al., 2017;
Egel et al., 2018). Moreover, we found that three applications
of ASM at weekly intervals inhibited the growth of potted
‘Zesy002’ plants and observed a possible relationship between
pre-flowering ASM sprays and retardation of fruit growth
in ‘Zesy002’ vines (Tony Reglinski, Plant & Food Research,
unpublished data). In year three of the current study, markers of
the cytokinin (CK) pathway (IPT3, CKX1, and CYP735A2) were
included because the CK pathway is commonly associated with
growth regulation (Schaller et al., 2014) and more recently has
been proposed to play a role in plant immunity (Albrecht and
Argueso, 2017). Despite being applied at 14 d intervals rather
than 21 d, as in commercial orchards, there was no significant
effect of ASM on the expression of the CK markers in ‘Hayward’
or ‘Zesy002’ vines, suggesting there was unlikely to be an adverse
effect on kiwifruit growth.

Age-related resistance is a commonly observed phenomenon
across plant species and several studies have reported that
leaves become more resistant to pathogen attack with increasing
age (Develey-Rivière and Galiana, 2007; Hu and Yang, 2019).
However, far less is understood about the effect of leaf age on
elicitor responsiveness and induced resistance. In vine crops
like kiwifruit there is a long period of leaf development before
flowering (Salinero et al., 2009) and so the leaf canopy during
the pre-flowering spray period comprises leaves at varying stages
of development. This is one of the periods of greatest risk to
leaf infection by Psa (Vanneste, 2017). In the third season of
the current study it was shown that kiwifruit leaf development
affected responsiveness to ASM and that key genes in the SA-
pathway (PR1, NIMIN2, andNPR3) were strongly upregulated in
mature leaves but not in the immature leaves in both cultivars.
This is an important result and suggests that ASM will not
provide full protection to emerging leaves in the leaf canopy from
infection by Psa during the “high risk” spring period. Similar
“age-related” elicitor responsiveness was reported in potted
grapevines where defence activation by laminarin was found to
be greater in mature leaves than in younger leaves (Steimetz
et al., 2012). More recently, Verly et al. (2020) who reported that
the induction of PR1 and PR5 by Bion (a.i. benzothiadiazole,
syn. ASM) in Arabidopsis depended not only on developmental
stage but also on nitrogen nutrition. Collectively, these studies
demonstrate the importance of understanding how interactions
between vine phenology and agronomic conditions may limit
elicitor responsiveness and defence inducibility in the orchard.
This knowledge can facilitate more effective and smarter use of
elicitors, for example in the current study the age-dependent
elicitor response data would justify the integration of ASM with
a directly antimicrobial companion spray to protect immature
tissues. Phytohormones were generally not reliable as markers of
the ASM-induced response in ‘Hayward’ and ‘Zesy002’ kiwifruit.
In glasshouse studies, ASM induced a significant increase in ABA
content in stems and leaves of both cultivars, whereas in the
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orchard there was generally no significant effect of ASM on ABA.
There was a differential cultivar response to ASM with respect
to SA content in the glasshouse, with ASM causing a significant
reduction in SA content in ‘Hayward’ but not in ‘Zesy002.’ In
the orchard, SA and SAG content in leaves tended to be lower
in ASM-treated vines for both cultivars but this was generally
not significantly different to the control. However, ASM has
been shown to operate down-stream of SA accumulation in the
defence signaling cascade (Friedrich et al., 1996; Tripathi et al.,
2010) and therefore may not be expected to directly affect SA
and SAG levels in kiwifruit. The lack of a consistent pattern in
hormonal response in this study does not negate their importance
as regulators of the host defence response but does demonstrate
the difficulty of using phytohormones asmarkers of defence given
the complex dynamics of hormonal signaling networks (Berens
et al., 2017). Hormones regulate numerous developmental and
physiological processes in plants as well as adaptive responses
to environmental cues (Wasternack and Hause, 2013) and so
differentiating their role in defence-related responses amidst
their involvement regulating other stress responses may be too
difficult in the orchard environment. More detailed analysis of
the hormone response in leaves under controlled conditions
may be required to identify patterns that correspond with
defence elicitation. Moreover, because phytohormone content
varies between plant species it is possible that hormonal ratios
at local levels rather than absolute concentrations drive the
defence response.

CONCLUSION

In conclusion, this is the first report describing the use of defence
genes to monitor the onset of the ASM-induced defence response
in ‘Hayward’ and ‘Zesy002’ kiwifruit in orchard conditions.
Genes that were used successfully in glasshouse studies (PR1,
PR2, and PR5) to investigate ASM-induced resistance to Psa in
potted plants were also responsive to ASM applications in mature
orchard vines.Moreover, additional genes associated with the SA-
mediated defence pathway, BAD, AcEDS1A, NPR3, andNIMIN2,
were shown to be upregulated by ASM treatment. Responsiveness
to ASM in orchard vines depended on leaf developmental
stage and was transient, with gene expression increasing by
24 h after treatment before returning to untreated control levels
after 11–14 days. In contrast, phytohormonal levels in orchard
vines exhibited no repeatable response pattern to ASM, possibly
reflecting their wider role in the regulation of plant growth
and the response to other environmental cues. The successful

demonstration of these markers in an orchard environment
can open up opportunities to deepen our knowledge of factors
affecting elicitor field efficacy and so guide their practical
implementation. For example, may is be possible to determine
the compatibility of ASM with different agricultural inputs based
on the gene upregulation rather than on efficacy alone?Moreover,
studies to map spatial and temporal components of defence
induction across a vine and to compare effects of vine phenology
on elicitor responsiveness would also advance our understanding
on potential limitations of elicitors as crop protectants.
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