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Abstract Pseudomonas syringae pv. actinidiae (Psa), which causes bacterial canker, is the
most serious global pathogen of kiwifruit. Like most bacterial pathogens, control options
are limited, but elicitors can reduce disease significantly, particularly those that induce the
salicylic acid (SA) pathway. Acibenzolar-S-methyl (ASM), a SA analogue, is one of the most
effective elicitors for Psa control. In this study, real-time PCR (qPCR) was used to measure
the expression of 18 putative defence genes in Actinidia chinensis var. chinensis ‘Hort16A’
in response to Psa and ASM. Application of ASM led to up-regulation of RPM1 interacting
protein 4 (RIN4), phenylalanine ammonia lyase (PAL), a hypersensitivity-induced response
protein (HIRP), and β-1,3-glucosidase. Expression of PAL and HIRP was further enhanced
when elicitor application and Psa-inoculation were combined. Elevated gene expression was
correlated with decreased disease expression, and supports the hypothesis that elicitor-treated
plants are primed to react more rapidly and/or strongly to pathogens.
Keywords Pseudomonas syringae pv. actinidiae, Psa, bacterial canker, kiwifruit, acibenzolarS-methyl, elicitor, defence genes, transcript expression, qPCR.

INTRODUCTION
Pseudomonas syringae pv. actinidiae (Psa) is
a gram negative bacterium responsible for
bacterial canker. It is considered to be one of the
most devastating global pathogens of kiwifruit
(Actinidia spp.) (Vanneste 2012; Michelotti et al.
2015), with Psa biovar 3 being responsible for the
outbreak of bacterial canker in New Zealand.
Like most bacterial pathogens, effective
control options for Psa are limited, with the
cornerstones of control currently being copper

pesticides and antibiotics (Reglinski et al, 2013).
Disadvantages of using these products include
phytotoxicity, heavy metal accumulation in the
soil and development of resistance. The New
Zealand kiwifruit industry is working towards
inclusion of longer-term, more sustainable control
measures that include breeding for resistance, the
development of efficacious biologicals and the
use of elicitors in integrated control programmes
to temporarily induce host defences.
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Currently, Actigard® is the only elicitor
registered for control of Psa on kiwifruit in
New Zealand. It contains the salicylic acid
analogue, acibenzolar-S-methyl (ASM), as its
active ingredient. Successful use of elicitors
requires a thorough understanding of the
mechanisms and genes involved in the mode of
action because efficacy under field conditions
can vary with cultivar, timing and frequency
of application, and crop phenology (Walters et
al. 2011; Bruce 2014; Reglinski et al. 2014). In
addition, an understanding of the mechanisms
involved is needed to minimise the metabolic
costs associated with elicitor use, such as reduced
fruit production or quality (Walters & Heil 2007;
Cipollini & Heil 2010). Despite the importance
of ASM to Psa control in kiwifruit, there is little
published information on its molecular mode
of action, with only one study published to
date examining the ASM-induced responses of
five kiwifruit defence genes (Cellini et al. 2014).
Consequently the current study was carried out
to examine a wider range of putative markers of
defence responses and also to determine whether
pre-treatment with ASM enables some genes to
respond more strongly to subsequent pathogen
attack, a process known as priming.
MATERIALS AND METHODS
Plant material, treatments and disease
assessment
All the tissue cultured Actinidia chinensis
var. chinensis ‘Hort16A’ kiwifruit plants used
in these experiments came from The New
Zealand Institute for Plant & Food Research
Limited (PFR), Auckland as rooted plantlets
in agar growth medium in plastic tubs. After
transporting to PFR, Hamilton, plantlets were
individually ex-flasked into 30-mm Rockwool®
cubes (Rockwool BV, the Netherlands) and
transferred to a containment glasshouse that
was maintained at 15–24°C, with a day length
of approximately 14 h. A flood and drain system
was used once daily to water the plantlets with a
hydroponic nutrient solution, pH 6.2, containing
calcium, iron, nitrates, sulphates, phosphates
and trace elements (PGO Horticulture Limited,
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New Zealand). Actively growing plantlets with
4–6 fully expanded true leaves were used for the
experiment. Treatments comprised first spraying
all leaves to run off with either ASM (1.7 mM)
or water, followed by inoculation with Psa or
water (mock inoculation) 14 days later. There
were six plants per treatment (three replicates of
two plants each), set up in a randomised block
design. Up to 1.5 g of pooled leaf tissue (from
1–2 leaves/plant) was sampled 14 days after
ASM/water pre-treatment (immediately prior to
inoculation) and 48 h after Psa/mock inoculation
for molecular studies.
After leaf removal, plants were maintained
in the glasshouse for the purpose of disease
assessment. The lengths of stem lesions (mm)
were measured 4 weeks post-inoculation. Disease
assessment data were analysed as a randomised
block design by analysis of variance (ANOVA)
(P<0.05), using Genstat 16th edition.
Inoculum preparation and inoculation
technique
Psa biovar 3 (strain #10627, described by Vanneste
et al. 2013) was plated onto King’s B medium
supplemented with cycloheximide (0.018%) and
boric acid (0.136%), and incubated at 25°C for
24 h. Bacterial colonies were re-suspended in
sterile water to a concentration of 109 colony
forming units (cfu)/mL. Concentration was
estimated by measurements of optical density
with subsequent measurement by plating out
and performing colony counts.
Plants were inoculated 14 days after pretreatment, by dipping toothpicks in either Psa
(109 cfu/mL) or water (mock inoculation) and
making a single puncture wound in soft tissue
near the base of each plant stem.
RNA extraction, genomic DNA removal and
cDNA synthesis
The sampled leaf tissue was snap frozen in liquid
nitrogen and stored at -80°C until RNA extraction.
Total RNA was extracted from up to 1.5 g of
frozen kiwifruit leaf discs using a modified version
of the López-Gómez and Gómez-Lim method
(1992), which is suitable for samples containing
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high levels of polyphenols and polysaccharides.
Initially plant tissue was ground to fine powder by
hand using liquid nitrogen in a mortar and pestle,
followed by placement of the tissue into extraction
buffer. Modifications to the López-Gómez and
Gómez-Lim (1992) method included addition of
polyvinylpolypyrrolidone (0.5 g) to the extraction
buffer/ground tissue mix, and using a 1:1 mix of
phenol and chloroform/isoamyl alcohol instead of
phenol-chloroform (J. Bowen, PFR, unpublished
data). RNA samples were quantified, and sample
purity verified by using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher) and RNA
integrity was checked using an Agilent 2100
analyser (Agilent Technologies).
Total RNA was treated with deoxyribonuclease I
(DNase) (Ambion, DNAse Turbo™, Thermo Fisher
Scientific, Auckland, New Zealand), to remove any
genomic DNA and was checked by PCR to confirm
that there was no genomic contamination. Firststrand cDNA was synthesised, with random
priming, in a 20 μL reaction volume containing
1 μg of DNase-treated RNA, using the SuperScript III first-strand synthesis system (Invitrogen
Catalog No. 18085-051). Non-template controls
included in each PCR plate were used to check the
purity of the reagents.
Quantitative polymerase chain reaction (qPCR)
Quantitative PCR (qPCR) was used to investigate
the transcriptional levels of 18 putative defence
genes (Table 1) in the treated plants. Genes of
interest (GoI) were selected based on published
studies on Psa (Petriccione et al. 2013; Cellini
et al. 2014; Petriccione et al. 2014) and other
kiwifruit-pathogen interactions (Wurms 2005;
Wurms et al. 2011b; Hill et al. 2015), as well as
an unpublished next generation sequencing
study of temporal gene expression in kiwifruit
with and without Psa infection (A. Allan, PFR,
New Zealand, unpublished data). qPCR was
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performed in triplicate on cDNA from three
biological replicates in 10 μL reactions
containing 1 μL of a 10-fold dilution of the
cDNA (for lowly expressed samples, runs were
repeated with 2 μL), 1 μM of each of forward
and reverse primers and 5 μL of Light Cycler®
480 SYBR Green 1 Master Mix (Roche
Diagnostics GmbH, Mannheim, Germany,
Product No. 04 887 352 001). The primers were
designed using Primer3 software (Whitehead
Institute, Cambridge, MA, USA) and were
synthesised by Invitrogen (Auckland, New
Zealand) (Table 1). Only primer pairs with
efficiencies of 80% or greater were used in
the experiment. qPCRs were carried out in a
Corbett Rotor-Gene™ 6000 system (Corbett Life
Science, Concorde, NSW, Australia). The relative
quantification thermal cycling conditions were:
denaturation at 95°C for 10 min, 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 (i.e. three runs/primer set, 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. A preliminary
experiment with six different reference genes
(RG) was carried out to select the two RG that
were most stably expressed under the conditions
of the experiment (data not shown). These
two RG, actin and 40s ribosomal protein (40s),
were used for normalisation. A gene expression
normalisation factor was calculated for the
relative expression of each GoI using Normfinder
and geNormv3.5, based on the geometric mean
of actin and 40s. Expression of the treatments
is expressed relative to the “water 14 d” control
samples, which were assigned a value of 1.
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Table 1 Accession numbers and primer sequences of reference genes (RG) and putative defence-related
genes of interest (GoI) used in real-time PCR. All primers were designed in-house.
Gene name

Genebank
accession
number

Forward
primer (5´- 3´)

Reverse primer
(5´- 3´)

RG: Actin

FG520231

TGCATGAGC- TGTCCCATGATCAAGTCTGGTTGTTTCAAG
GATGACT

Reason for selection and relevant
references
Ubiquitous protein involved in
the formation of filaments of the
cytoskeleton and a common RG
for the Psa/kiwifruit interaction
(Henty-Ridilla et al. 2013; Petriccione et al. 2015). Stable RG in this
experiment (exp).

RG: 40S Ribo- FG498176
somal Protein
(40S)

GCAAAGGGATGTGAGGTGAT

CCCCCTGTC- Involved in synthesis of protein
TCAGAAGAA- chains (Aitken and Lorsch 2012).
CA
Stable RG in other kiwifruit/
pathogen interactions (Wurms et al.
2011a) and in this exp.

GoI: RPM1
interacting
protein 4
(RIN4)

FG519750

CTTTGAGAAAGCACGGAAGG

TGTTCTTCTGGTTCGGTTC

Early stage defence — involved in
the guard cell response against bacterial pathogens (Liu et al. 2009).
Significantly upregulated by salicylic
acid (SA)-elicited, Psa-infected kiwifruit (Wurms et al. 2013).

GoI: Phenylalanine ammonia lyase, EC
4.3.1.5 (PAL)

Not
released.
Closest
homologue:
AAC18870

AAACGACAACCCCTTGATTG

ACAAGCTCCGAAATTTGTGC

Key regulatory enzyme of the phenylpropanoid pathway (PPP), which
creates antimicrobial secondary metabolites (Naoumkina et al. 2010).
Up-regulated by SA-elicitors which
decrease Psa infection (Cellini et al.
2014).

GoI: Naringenin-chalcone synthase
2, EC 2.3.1.74
(CHS)

FG510699

GTCAAGCGC- ATCACTGGG- Key regulatory enzyme of the PPP,
CTCATGATG- TCCACGAAA- which creates antimicrobial secondTA
AG
ary metabolites (Naoumkina et al.
2010).

GoI: Glucan
FG455092
endo-1,3-beta-glucosidase
EC 3.2.1.39
(β-1,3glucosidase)

TTGGTTCAACATGTCAAAGGAG

TAGGCTGCT- Thought to convert preformed inert
TGTTGGGAA- phytoanticipins (synthesized via
AG
the PPP) into their corresponding
toxic aglycones (Morant et al. 2008).
Involved in other kiwifruit pest/
pathogen interactions (Wurms et al.
2011a; Hill et al. 2015).

© 2017 New Zealand Plant Protection Society (Inc.) www.nzpps.org

Refer to http://www.nzpps.org/terms_of_use.php

Kiwifruit & Grape Pathology

276

Table 1 Continued. Accession numbers and primer sequences of reference genes (RG) and putative
defence-related genes of interest (GoI) used in real-time PCR. All primers were designed in-house.
Gene name

Genebank
accession
number

Forward
primer (5´- 3´)

Reverse primer
(5´- 3´)

GoI: PIRL5
leucine rich
repeat family protein
(PIRL5)

FG474061

CCAGAGGAATGCATCAAAGAGCA- CTCGAGGAAGAAGG
GCTCTCTG

Involved in signal transduction
(Forsthoefel et al. 2005).

GoI: Leucine
rich repeat
protein (LRR
protein)

FG484930

ACTGCAGCATGCTTGGACTC

CTTTCAGATTCCGTAGCCCCG

Putative resistance (R) gene
(Belkhadir et al. 2004).

GoI: Mitogen-activated
protein kinase kinase 2
(MAPKKK)

FG474586

TATATCCGCGATCACTGTGG

ACAACCCCA- Central point in defence in plant
GATGCATTdefence signalling cascades (del
GAC
Pozo et al. 2004; He et al. 2006;
Wang et al. 2014). Up-regulated
in ‘Hayward’ kiwifruit 6 days after
treatment with methyl jasmonate
(MeJa) elicitor, which induces
resistance to botrytis and insects
(K. Wurms, PFR, New Zealand,
unpublished data).

GoI: Hypersenstive
induced
response protein (HIRP)

FG459556

GCTGCTAGAATGAGGGTTGC

TCCCTCAGTCCGTCAACAAT

Involved in hypersensitive response
(HR) in Arabidopsis to bacterial
pathogens (Qi et al. 2011).

GoI: Pattern
triggered immunity receptor like kinase
(RLK)

FG485280

TGAGCAAGGTGTGCATGAAT

CTCCCGAAGAGTTCCATGAG

A senescence-induced receptor
kinase (serine/threonine kinase)
that triggers defence responses upon
recognition of the elicitor flagellin
(Robatzek and Somssich 2002)

GoI:
Chitinase

FG512537

GGTTGCTGCTTTTCTTGCTC

CACAAGGCCACTGTTGATTG

Endochitinase (PR3 protein).
Highly up-regulated protein in a
kiwifruit-scale insect interaction
(Hill et al. 2015).

GoI:
Thaumatinlike protein
(TLP)

FG417283

TGTCAATATCACGGGCAATG

ATCGGACAC- PR5 protein family. Highly upCTCTTCTTGA regulated protein in a kiwifruitscale insect interaction (Hill et al.
2015).
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Table 1 Continued. Accession numbers and primer sequences of reference genes (RG) and putative
defence-related genes of interest (GoI) used in real-time PCR. All primers were designed in-house.
Gene name

Genebank
accession
number

Forward
primer (5´- 3´)

Reverse primer Reason for selection and relevant
(5´- 3´)
references

GoI:
FG479414
Phytoalexin
deficient 4
triacylglycerol
lipase (PAD4)

ATGCTCGTGACAGGAAACGC

GCAATGCCAATGTAACACCTGC

GoI: Coiled
coil- nucleotide binding
site- leucine
rich repeat
resistance (R)
protein (CCNBS-LRR)

AGACTTTGA- TGTAGCCTAGATGCCCC- GCCAATTCTTGC
GACTTTGG

FG407814

GoI: Toll and FG525643
interleukin-1
region- nucleotide binding
site- leucine
rich repeat R
protein (TIRNBS-LRR)

GTCTGGCAGGGTTGGTCTTG

The Arabidopsis PAD4 gene was
previously shown to be required for
synthesis of camalexin in response
to infection by the virulent bacterial
pathogen Pseudomonas syringae pv.
maculicola. PAD4 mutants
exhibit defects in defence responses,
including camalexin synthesis and
pathogenesis-related PR-1 gene
expression (Glazebrook et al. 1997)
Putative R gene (Belkhadir et al.
2004).

GTAACACTR gene active in tobacco mosaic
GAGGACCGT- virus resistance in tobacco plants
GCG
(Dinesh-Kumar et al. 2000).
Blasting FG52564 against a PFR
kiwifruit scaffold, it was possible to
construct a putative protein with all
3 domains identified.

GoI: FLS2

Not reGCGAGTGleased.
TTGTACCTClosest
GCAAA
homologue:
XM006478712.2

TCACATGAAATCCCAGTCCA

A receptor-like kinase involved in
perception of the bacterial elicitor
flagellin (Qi et al. 2011).

GoI:
RING-H2
finger
protein
ATL2M
(RING-H2
finger)

FG485058

GACACGATGCGTTCAGCTTC

RING finger proteins are involved in
Arabidopsis resistance against
Pseudomonas syringae (Kawasaki et
al. 2005). Co-presents with ethylene
insensitive protein and was up-regulated in Hayward fruit 3 days after
treatment with MeJa (K. Wurms, PFR,
New Zealand, unpublished data).

CGGGGTCAGTGATTGCTCTA
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Table 1 Continued. Accession numbers and primer sequences of reference genes (RG) and putative
defence-related genes of interest (GoI) used in real-time PCR. All primers were designed in-house.
Gene name

Genebank
accession
number

Forward
primer (5´- 3´)

Reverse primer Reason for selection and relevant
(5´- 3´)
references

GoI: Ethylene-insensitive protein
2, cytokinin
resistant protein AtCKR1
(EIN2)

FG469211

TTGTTTGATGCTTTGGCTTG

TCTCCGCAGATGAATCAGG

Ethylene/cytokinin resistant and
co-presented with ring finger-H2
protein Up-regulated in Hayward
fruit 3 days after treatment with
MeJa (Wurms, PFR, New Zealand,
unpublished data).

GoI:
Acyl lipidase

FG475093

CAGGATTTAGTAGCAATGATGGAC

AAGGGATCCTCTCGTAATCCA

Up-regulated protein in a kiwifruitscale insect interaction (Hill et al.
2015) Modified expression of acyl
lipids affects host resistance to pathogens (La Camera et al. 2005).

RESULTS
Disease assessment
Only Psa inoculation resulted in spread of moist
lesions along the stem and tissue softening within
the lesion, whilst the highly localised, 1–3 mm
lesions associated with the mock inoculation
treatments consisted of a dry wound response
associated with the stab inoculation method
(Figure 1).
Pre-treatment with ASM, as opposed to water,
significantly reduced the severity of Psa infection
(P<0.001), achieving a 50% reduction in stem
lesion length (Figure 2).
Gene expression
HIRP, RIN4, and most especially β-1,3glucosidase, were up-regulated in response to
ASM alone, and there was a synergistic increase
in PAL, and HIRP expression when ASM-elicited
plants were inoculated with Psa (Figure 3). None
of these genes responded to the pathogen alone.
In contrast, expression of PAD4, FLS2, CC-NBSLRR, RING-H2 finger and EIN2 transcripts
only increased strongly in the presence of the
pathogen alone, and this reaction was masked if
the plants were pre-treated with ASM (Figure 4).
The reaction of FLS2 to the pathogen was the
strongest (Figure 4).

Figure 1 Close-ups of inoculation points on
stems of glasshouse grown, tissue cultured
Actinidia chinensis var. deliciosa ‘Hayward’
plantlets 4 weeks post inoculation with (A) water
(mock inoculation); or a 109 cfu/mL suspension
of (B) Pseudomonas syringae pv. actinidiae (Psa).
The arrow in (A) indicates a localised light brown
dry wound site at the point of inoculation, whilst
the bracketed dark brown region on (B) shows
the extent of fungal lesion spread along the
otherwise healthy green stem.
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Figure 2 Pseudomonas syringae pv. actinidiae (Psa)
disease severity on Actinidia chinensis var chinensis
‘Hort16A’ kiwifruit plantlets, as measured by stem
lesion length, 4 weeks after stab inoculation with
Psa (109 cfu/mL) or water (mock inoc). Plants were
treated with water or Acibenzolar-S-methyl (ASM)
14 days before inoculation. Error bars indicate
standard error of the mean (SEM). There were six
replicate plants per treatment and a randomised
block design was used.

Figure 3 Relative abundance of five kiwifruit putative defence transcripts as measured by quantitative
PCR (qPCR) 14 days after treatment with water or Acibenzolar-S-methyl (ASM) elicitor, and
48 h after stab inoculation with water (mock inoc) or Pseudomonas syringae pv. actinidiae (Psa)
(109 cfu/mL). A) relative phenylalanine ammonia lyase (PAL) expression; B) relative hypersensitivityinduced response protein (HIRP) expression; C) relative RIN4 expression; and D) relative β-1,3glucosidase expression. Error bars indicate standard error of the mean (SEM), where n = 3 replicates
(consisting of pooled leaf tissue).
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Of the 18 genes tested, 9 genes (CHS, PIRL5,
LRR protein, MAPKKK, RLK, Chitinase, TLP,
TIR-NBS-LRR and Acyl lipidase) did not show
any marked increase or decrease in expression
with any of the treatments, and did not exceed
the commonly used cut-off of ± 2-fold changes
in differential expression (Mosqueira et al. 2012;
Meimoun et al. 2014; Damian-Zamacona et al.
2016), so are not presented here.
DISCUSSION
The salicylic acid analogue ASM reduced severity
of bacterial canker in kiwifruit by 50%. This
result correlated with elevated host defence
gene expression of HIRP, RIN4 and β-1,3-
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Figure 4 Relative abundance of five kiwifruit
putative defence transcripts as measured by qPCR
14 days after treatment with water or AcibenzolarS-methyl (ASM) elicitor, and 48 h after stab
inoculation with water (mock inoc) or Pseudomonas
syringae pv. actinidiae (Psa) (109 cfu/mL). A)
relative phytoalexin deficient 4 triacylglycerol lipase
(PAD4) expression; B) relative FLS2 expression; C)
relative coiled coil- nucleotide binding site- leucine
rich repeat resistance (R) protein (CC-NBS-LRR)
expression; D) relative RING-H2 finger protein
ATL2M (RING-H2 finger) expression; and E)
relative ethylene-insensitive protein 2, cytokinin
resistant protein AtCKR1 (EIN2) expression. The
relative concentration of CC-NBS-LRR cDNA was
double that for all the other genes because changes
in expression were very small and so the qPCR
runs were repeated using a higher concentration
of cDNA. Error bars indicate standard error of the
mean (SEM), where n = 3.
glucosidase in response to ASM alone, and a
synergistic increase in PAL and HIRP expression
when ASM-elicited plants were inoculated with
Psa. These findings support the hypothesis that
elicitor-treated plants are primed to react more
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rapidly and/or strongly to pathogens.
Acibenzolar-S-methyl appears to be inducing
host defence proteins including key genes involved
in effector triggered immunity (ETI) such as
HIRP and RIN4, and enzymes associated with the
phenylpropanoid pathway, including PAL, and
β-1,3-glucanase. Effector triggered immunity is
characterised by pathogen effectors interacting
with host resistance (R) genes and is highly racespecific (Thomma et al. 2011). The HIRP and
RIN4 genes are thought to play key roles in primary
defence by interacting with host R genes. The Psa
effectors of pathovar 3, the pathovar used in this
experiment, are well characterised (Rikkerink
et al. 2015) and would likely interact with genes
like RIN4 and HIRP via their association with
host R genes. PAL is a key regulatory enzyme in
the phenylpropanoid pathway (Naoumkina et al.
2010) that produces antimicrobial compounds.
This experiment demonstrated a synergistic
increase in PAL expression (relative to plants
treated with ASM or Psa alone), along with
a significant reduction in disease severity, in
inoculated kiwifruit plants that had been primed
by treatment with ASM. Although Cellini et al.
(2014) used a different primer pair for PAL is also
found that ASM treatment significantly reduced
Psa infection and that induction of PAL by ASM
was both faster and greater in the more resistant
Actinidia chinensis var. deliciosa ‘Hayward’ cultivar
than in the more susceptible ‘Hort16A’ cultivar.
As well as being responsible for the production of
many antimicrobial secondary metabolites, PAL is
also involved in the synthesis of SA (Naoumkina
et al. 2010; Dempsey et al. 2011). Glucosidases,
such as β-1,3-glucanase, enable the plant to
respond immediately to pathogen invasion by
converting preformed inert storage forms of
products from the phenylpropanoid pathway
into their corresponding toxic counterparts by
sugar hydrolysis (Osbourn 1996; Zagrobelny et al.
2004; Morant et al. 2008). β-1,3-Glucosidases can
also hydrolyse conjugated plant hormones, e.g.
endogenous SA conjugates, thereby altering their
bioactivity (Minic 2008), and enzyme hydrolysis
can also produce elicitor compounds. In addition,
glucosidases are considered to be pathogenesis-
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related (PR) proteins, being closely related to
the PR2 family of enzymes (glucanases), which
are often used as markers of the SA-pathway
(Thatcher et al. 2005; Minic 2008). Given that
ASM induced β-1,3-glucanase more strongly than
any other marker tested, this suggests that this
enzyme may play an important role in resistance
induced by ASM, although in this case there
was no priming effect of the elicitor. However,
further work involving temporal studies of
transcript expression, proteomic studies and
possibly gene silencing experiments are required
to confirm this hypothesis.
Psa treatment alone strongly induced FLS2,
CC-NBS-LRR, PAD4, RING-H2 finger and EIN2
transcripts, but this reaction was masked if the
plants were pre-treated with ASM. We might
expect these transcripts to respond strongly
to Psa, because these genes are involved in
recognition of the pathogen and the plant defence
response to it. The FLS2 transcript is an immune
receptor at the plant surface that recognises the
pathogen-associated molecular pattern (PAMP)
of flg22, a 22-amino acid peptide of bacterial
flagellin, and consequently initiates patterntriggered immunity (PTI) (Qi et al. 2011). The
strong response FLS2 to Psa in this experiment
suggests that it is successfully recognising flg22 in
Psa flagellin. Based on conserved patterns in its
nucleotide sequence, CC-NBS-LRR is a putative
kiwifruit R gene that has been seen to respond to
scale-insect challenge (Hill et al. 2015). Host R
genes that are involved in ETI and the expression
of CC-NBS-LRR are likely to be responding to
Psa effectors in this experiment. However, R
gene expression is often quite low (E. Rikkerink,
pers. comm., PFR, New Zealand), which explains
why the standard amount of cDNA in our
qPCR reactions had to be doubled. The PAD4
and RING-H2 finger transcripts and the coexpressed EIN2 transcripts have been shown
to be involved in Arabidopsis resistance against
Pseudomonas syringae (Glazebrook et al. 1997;
Kawasaki et al. 2005). Whilst up-regulation of
these transcripts in response to Psa inoculation
makes biological sense, the low level of induction
of these genes when Psa-inoculated kiwifruit
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plants were pre-treated with ASM is harder to
explain. One possible explanation might be that
there is a lowered generalised stress response due
to successful priming as some of these genes,
such as EIN2, respond to a broad range of abiotic
and biotic triggers (Alonso et al. 1999). Since
elicitation of defences is energy demanding on
the host, another explanation might be that pretreatment with ASM causes the plant to divert
its resources away from ineffective resistance
mechanisms. Since greater disease resistance
was obtained with ASM treatment, this in turn
suggests that these genes were not involved in that
resistance since their expression was suppressed.
Finally, in the case of PAD4 expression, a
different explanation may apply. The application
of ASM mimics SA accumulation to some extent,
which in turn negates the requirement for PAD4
expression, as this generally occurs upstream of
SA accumulation (Cui et al. 2017).
Two primer pairs in this study, PAL and HIRP
have been used to successfully demonstrate the
priming effect of ASM, and these two genes, in
addition to RIN4 and β-1,3-glucosidase, appear
to serve as useful markers of ASM-induced
resistance to Psa in kiwifruit. This research has
also identified a further five Psa-induced genes,
FLS2, CC-NBS-LRR, PAD4, RING-H2 finger and
EIN2, which may be useful markers for studying
the kiwifruit-Psa interaction. Further research is
required, and future qPCR studies will examine
cultivar-specific responses to ASM and other
elicitors and the timing of expression of putative
defence markers. The information will be used to
help optimise elicitor application strategies for
different cultivars thus contributing to longerterm, more sustainable Psa control measures for
the New Zealand kiwifruit industry.
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