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Knowing the population structure of a pathogen is fundamental for developing reliable phytosanitary legislation, detection techniques, and control strategies based on the actual aggressiveness and distribution of the pathogen. Currently,
four populations of Pseudomonas syringae pv. actinidiae (Psa) have been described: Psa 1, Psa 2, Psa 3 and Psa 4.
However, diagnostic assays specific for Psa populations do not detect Psa 4, the less virulent (LV) strains isolated in
New Zealand. Similarly, multilocus sequence typing (MLST) of housekeeping genes, or broad Psa strain genome comparisons, revealed that Psa 4-LV strains clustered separately from other Psa populations. In order to examine whether
the placement of Psa 4 in the pathovar actinidiae was appropriate, various tests were carried out. It was shown that
the Psa 4-LV strains induced leaf and shoot wilting in Prunus cerasus, extensive necrotic lesions in Capsicum annuum
fruits, and no significant symptoms in Actinidia deliciosa. Moreover, repetitive-sequence PCR fingerprinting, type III
secretion system effector protein genes detection and colony morphology clearly indicated the distinctiveness of Psa 4LV strains from the other three Psa populations. Rep-PCR molecular typing revealed a high similarity of the Psa 4-LV
strains with members of Pseudomonas avellanae species. The Psa 4-LV strains, most probably, belong to a new, still
unnamed pathovar. It was concluded that the Psa 4-LV strains isolated in New Zealand do not belong to the pathovar
actinidiae, and, consequently, three Psa populations pathogenic to Actinidia spp. should currently include Psa 1, Psa 2
and Psa 3.
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populations are currently described: Psa 1 or Psa biovar
1, represented by strains from the first disease outbreak
in Japan and Italy; Psa 2 or Psa biovar 2, represented
solely by the strains isolated in South Korea during the
epidemics of the 1990s; Psa 3 or Psa biovar 3, represented by the pandemic strains currently being isolated
in Europe, New Zealand, Chile and China; and Psa 4 or
Psa biovar 4, represented by strains isolated only in New
Zealand and Australia. Psa 4 is also known as Psa-LV
(i.e. ‘less virulent’) because it apparently causes only mild
symptoms in A. deliciosa and A. chinensis, such as leaf
spotting rather than twig wilting or canker.
The Psa population comparisons have been performed
using multilocus sequence typing (MLST) analysis of
housekeeping genes and detection of the type III secretion system effector genes and phytotoxins (Chapman
et al., 2012). Characterization and comparison has also
been performed using morphological and biochemical
tests including repetitive-sequence PCR fingerprinting
using BOX primers, sequencing and comparison of the
cts (i.e. gltA) gene and pathogenicity to A. deliciosa
plants (Vanneste et al., 2013). However, as some studies
indicated (Ferrante & Scortichini, 2010; Marcelletti
et al., 2011; Mazzaglia et al., 2012; Petriccione et al.,
2013), while the molecular, phenotypic and pathogenic
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Introduction
Pseudomonas syringae pv. actinidiae (Psa), the causal
agent of bacterial canker in Actinidia deliciosa (greenfleshed kiwifruit) and Actinidia chinensis (yellow-fleshed
kiwifruit), is a destructive bacterial plant pathogen found
in all major areas of kiwifruit cultivation worldwide
(Scortichini et al., 2012). Recently, this pathogen was
placed on the plant quarantine A2 list by the European
Plant Protection Organisation. Psa was first reported and
described in Japan (Takikawa et al., 1989) and was subsequently reported in South Korea and Italy (Koh et al.,
1994; Scortichini, 1994). In Asian countries, Psa has
caused severe economic losses to A. deliciosa ‘Hayward’,
whereas in Italy, its presence was sporadic and until
2008 it caused no significant damage (Ferrante & Scortichini, 2010).
Genotypic and phenotypic typing of Psa strains
obtained from all major areas of kiwifruit cultivation
worldwide have revealed the existence of different populations of this pathogen. According to Chapman et al.
(2012) and Vanneste et al. (2013), four distinct
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features of the first three Psa populations are well
defined, other studies raise concerns over the identification of the less virulent strains isolated in New Zealand
and Australia (Psa 4 or Psa biovar 4) and question
whether they are members of P. syringae pv. actinidiae.
Two new and specific detection techniques failed to
identify Psa 4-LV strains or other P. syringae strains of
pathovars other than actinidiae (Balestra et al., 2013;
Gallelli et al., 2013). Moreover, an extensive MLST
analysis based on the concatenated sequences of four
housekeeping genes clearly grouped the Psa 4-LV strains
separately from the other three Psa populations. In this
analysis, the Psa 4-LV strains were shown to be distinct
and closely related to P. avellanae and P. syringae
pv. morsprunorum and the authors referred to them as
‘Pseudomonas deliciosa’ (PsD) (Butler et al., 2013). In
addition, a recent and extensive phylogenomic assessment based on the comparison of 32 draft or complete
Psa genome sequences also clearly grouped the Psa 4-LV
strains separately from the P. syringae pv. theae/Psa 1,
Psa 2 or Psa 3 clusters (Mc Cann et al., 2013).
The assessment of fluorescent pigment production on
King’s medium B (KB; King et al., 1954), where bacterial
colonies grown on this medium were observed under UV
light, showed that Psa 4-LV strains were strongly fluorescent, similar to P. syringae pv. theae, whereas Psa 1 and
Psa 3 strains were not fluorescent. Moreover, the colony
colour of Psa 4-LV on KB, observed under natural light,
was clearly different (light yellow) from that of Psa 1
and Psa 3 strains (creamy-white) (Vanneste et al., 2013).
Knowing the population structure of a pathogen is
fundamental for developing reliable detection techniques
and control strategies based on the actual aggressiveness
and distribution of the pathogen (Achtman, 2008) and
for establishing effective phytosanitary legislation. Therefore, the objectives of this study were to assess some of
the key molecular and phenotypic features of Psa strains
obtained from all of the major areas of kiwifruit cultivation worldwide and which represent all four of the currently described populations. In addition, host range tests
were performed to ascertain the pathogenic behaviour of
the ‘less virulent’ Psa strains towards plant species other
than A. deliciosa.

Materials and methods
Bacterial strains
Pseudomonas strains used in this study are listed in Table 1. All
strains were cultured on nutrient agar (Oxoid) supplemented
with 3% sucrose (NSA), and incubated at 23–25°C.

Colony morphology and GATTa tests
The colony morphology of Psa was observed visually on NSA
after incubation of cultures at 23–25°C for 72 h. Morphology
of single colonies was defined by their shape, size, colour,

Table 1 List of Pseudomonas strains used in this study

Namea

Host plant

Origin

Year
of isolation

Psa KW1 = NCPPB 3738

Actinidia
deliciosa
A. deliciosa
A. deliciosa
A. deliciosa
A. deliciosa

Japan

1994

Japan
Japan
Japan
South
Korea
China

1994
1994
1994
nk

China
Italy
Italy
Italy
Italy
Italy
Italy
Spain
Portugal
France
Chile
New
Zealand
New
Zealand
New
Zealand
New
Zealand
UK

2010
1992
2008
2009
2010
2011
2012
2011
2011
2011
2012
2011

Poland

2007

Poland

2007

Poland

2007

Poland

1997

Corylus
avellana
C. avellana

Greece

1976

Italy

1992

Thea sinensis

Japan

1970

Pyrus
communis

Italy

2005

Psa
Psa
Psa
Psa

KW11 = NCPPB 3739T
KW30 = NCPPB 3740
KW31
KN.2

Psa M23
Psa
Psa
Psa
Psa
Psa
Psa
Psa
Psa
Psa
Psa
Psa
Psa

M218
NCPPB 3871
CRAFRU 8.43
CRAFRU 8.56
CRAFRU 12.57
CRAFRU 12.50
CRAFRU 13.02
IVIA 3729.2
354
36.32
CL1
ICMP 18836

Actinidia
chinensis
A. chinensis
A. deliciosa
A. chinensis
A. deliciosa
A. deliciosa
A. chinensis
A. deliciosa
A. deliciosa
A. deliciosa
A. deliciosa
A. deliciosa
A. chinensis

ICMP18802 (LV)

A. chinensis

ICMP18882 (LV)

A. chinensis

ICMP18883 (LV)

A. deliciosa

P. s. pv. tomato DC3000

Lycopersicon
esculentum
Prunus avium

P. s. pv. morsprunorum
r 1 RIPF25
P. s. pv. morsprunorum
r 1 RIPF202
P. s. pv. morsprunorum
r 2 RIPF77
P. s. pv. morsprunorum
r 2 RIPF732
P. avellanae BPIC 631T
P. s. pv. avellanae
CRAPAV 013
P. s. pv. theae
NCPPB 2598T
P. s. pv. syringae
CRAFRU 9

Prunus
domestica
Prunus
cerasus
P. cerasus

2010

2010
2010
2010
1960

T

, type-strain; LV, Less Virulent; BPIC, Benaki Phytopathological Institute Culture Collection, Kiphissia-Athens, Greece; CRAFRU, Culture
Collection of C.R.A.- Centro Ricerca per la Frutticoltura, Roma, Italy;
CRAPAV, Culture Collection of C.R.A.- Centro Ricerca per la Patologia Vegetale, Roma, Italy; KW, Culture Collection of Shizuoka University,
Shizuoka,
Japan;
ICMP,
International
Collection
of
Microorganisms from Plants, Lincoln, New Zealand; NCPPB, National
Collection of Plant Pathogenic Bacteria, Fera, York, UK; RIPF, Culture Collection of Research Institute of Pomology and Floriculture,
Skierniewice, Poland.
a
Psa: Pseudomonas syringae pv. actinidiae; r 1: race 1; r 2: race 2.
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Table 2 Tests and list of primers used in this study for the detection of type III secretion system effector protein genes, repetitive-sequence PCR
and detection of Pseudomonas syringae pv. actinidiae populations with duplex PCR
Primer name

Primer sequence

Amplicon size (bp)

Test

Reference

hopAG1-F
hopAG1-R
hopAS1-F
hopAS1-R
hopAJ2-F
hopAJ2-R
hopP1-F
hopP1-R
hopJ1-F
hopJ1-R
hopY1-F
hopY1-R
hopAM1-1-F
hopAM1-1-R
hopAH2-1-F
hopAH2-1-R
hopAH2-2-F
hopAH2-2-R
avrB4-1-F
avrB4-1-R
hopM1-F
hopM1-R
hopF2-F
hopF2-R
avrD1-F
avrD1-R
avrE1-F
avrE1-R
hopAU1-F
hopAU1-R
hopAE1-F
hopAE1-R
hopAI1-F
hopAI1-R
hopZ3-F
hopZ3-R
hopA1-F
hopA1-R
hopD1-F
hopD1-R
hopN1-F
hopN1-R
hopO1-1-F
hopO1-1-R
hopO1-2-F
hopO1-2-R
hopQ1-1-F
hopQ1-1-R
hopR1-F
hopR1-R
hopS10 -F
hopS10 -R
hopS2-F
hopS2-R
hopT1-2-F
hopT1-2-R
hopQ1-2-F
hopQ1-2-R

TGGTCACGATGCTGTCTCTC
GGGAGCAAGATGATTGGAAA
CAGAAAAAGGTGCCAACCAT
TTCAAAGCCAGAGCCTGAAT
GTAGCTTGCGCAGAAAAACC
ATTACTTTCCATGCCCCACA
CAAATCATGAGCCTGCTGAA
ACTTGAACGTGTCTGCGTTG
ATCAGCCTCAGCCGTTTAGA
CGCCTTCAAACTTCACACCT
CCAATCACGACCTGAACCTT
AGTGGCGCTGATCTTCTTGT
TGCCGCAACTCATTATCTTG
TTTCGCTAAGCCACTGGAAT
CCTCGACCGATATCAGCAAT
AGTTGGCATTACCCACTTCG
AGCGAAGATTCCTCGTCAGA
CGCTTTCTCTGGCATACACA
CGCTAGAACATCGCATCGTA
GGTCTGCACTTACCACGACA
GGACGGGCTGAATGAAAGTA
TCATTTCCTGAGCGGTTTTC
GGCTAGTGAAACGCTGAAGG
CGGGCGCTCTCTACACTAAC
ATCAAGGCCGGAAATAAACC
CCGCTATTCGCCAATTTTTA
ACTCAGACAACCCGATGACC
TCACCGTCGTGACTGAGAAG
GAACGCTATAAGGCGCTGTC
CTGCAACGCATGCTGACTAT
GCTTTTGGCAGCAGGTCTAC
ATCTCCTCGGAATGATCACG
GGGAGAGGTACTTGCCAACA
TTCGCTTCTGTGTTCATTGC
AGAACTCACCGAAAGCCTCA
CTTTTTCCCGGTGATTCTCA
CGGCAAGAGGTACGAGATTC
TTCAATGCCTTTAGCGTGTG
GTTACTGAGCTCGCCAGACC
TGGTGGCTACATGCAACAAT
CGCTAAGACGCAACACGATA
AATAGGCCTGCTGCTCGATA
TCTGGGACGATGCTTTCTCT
TGTGCAGACCGGTTACTTTG
TCAGCTCAATCCACAGCATC
TACCCGGTTTGAAACGACTC
TCACACAAGCCCCTTTTACC
ACGTCCGAAAGAACCATGAG
CATACGGCTTGAGAACAGCA
GTGGTATCGGGATGGTTGAC
GCGCAGAAGTCCTCTTCAAA
ACCTTCCCAAGCTCTGGATT
TTTTGCACCCAACAAGACTG
CTCGCCACAGAATGAAGTGA
AGTGCGTTGGTAGAGGCATT
ATAGCGGACCAGCTCTTTGA
TTCAAGCTGGATTGCTTCCT
GACTGGACAAGCGCAGATTT

485

Effector gene detection

This study

Effector gene detection

Ferrante & Scortichini, 2010

Effector gene detection

Ferrante & Scortichini, 2011

421
435
463
228
554
218
393
763
503
620
537
571
643
513
506
562
711
444
536
620
694
604
793
751
305
414
762
325

(continued)
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Table 2 (continued)
Primer name

Primer sequence

Amplicon size (bp)

Test

Reference

BOXA1R
ERIC1R
ERIC2
REPF
REPR
AvrDdpx-F
AvrDdpx-R
KN-F
KN-R

CTACGGCAAGGCGACGCTGACG
ATGTAAGCTCCTGGGGATTCAC
AAGTAAGTGACTGGGGTGAGCGNNNNCGNCGNCATCNGGC
NCGNCTTATCNGGCCTAC
TTTCGGTGGTAACGTTGGCA
TTCCGCTAGGTGAAAAATGGG
CACGATACATGGGCTTATGC
CTTTTCATCCACACACTCCG

–
–
–
–
–
226

Rep-PCR

Louws et al., 1994

Psa detection

Gallelli et al., 2011

492

texture, elevation and margin. To ascertain whether the Psa 4LV strains belonged to P. syringae pv. morsprunorum, the
GATTa tests (gelatin liquefaction, aesculin hydrolysis, tyrosinase
activity, tartrate utilization) of Latorre & Jones (1979), which
discriminate between race 1 and race 2 strains of this pathovar,
were performed. The utilization of tartrate as a sole carbon
source was tested on the basal medium of Ayers et al. (1919), as
suggested by Vicente et al. (2004) and Kaluzna et al. (2010).
Psa 4-LV strains ICMP 18802, 18882 and 18883 were tested,
and Psa 1 (NCPPB 3739), Psa 2 (KN.2), Psa 3 (CRAFRU 8.43)
and P. syringae pv. morsprunorum race 1 (RIPF 25) and race 2
(RIPF 732) and P. syringae pv. syringae (CRAFRU 9) strains
(Table 1) were used as controls.

Repetitive-sequence PCR, specific detection through
duplex-PCR and presence of syrB gene
Psa strains obtained from different geographical areas and isolated in different years from both A. deliciosa and A. chinensis,
were subjected to repetitive sequence PCR (rep-PCR) fingerprint
analysis using BOX, ERIC and REP primer sets (Ferrante &
Scortichini, 2009, 2010). In addition, representative Psa populations were also compared with the taxonomically closely related
P. avellanae, P. syringae pv. theae, P. syringae pv. tomato and
P. syringae pv. morsprunorum race 1 and race 2 strains. Genomic DNA was extracted with the GeneElute Bacterial Genomic
DNA kit (Sigma Aldrich). DNA concentrations were estimated
by measuring absorbance at 260 and 280 nm using a NanoDrop
1000 spectrophotometer (Thermo Fischer Scientific). Amplicons
were separated by electrophoresis on 2% (w/v) agarose gels in
05 9 TAE buffer at 50 V and 4°C for 16 h (Ferrante & Scortichini, 2010). Cluster analysis was performed on a similarity
matrix, subjected to the unweighted pair group method with
arithmetic average (UPGMA) clustering algorithm, using web
tools of www.pubmlst.org. In addition, to further discriminate
the Psa populations, the duplex-PCR technique of Gallelli et al.
(2011) was applied to representative Psa strains of the four populations. The putative presence of the syrB gene coding for the
phytotoxin syringomycin was detected as previously described
(Bultreys & Gheysen, 1999; Scortichini et al., 2003).

Detection of type III secretion system effector genes
The putative presence of 29 type III secretion system effector
protein genes in Psa strains (Table 1) was evaluated by PCR
using the primers listed in Table 2. Primers were designed using
the PRIMER3 program based on the sequences of Psa CRAFRU
8.43 (Marcelletti et al., 2011). PCR was carried out as described

elsewhere (Ferrante & Scortichini, 2010). Presence/absence of a
band of the expected size was taken as indication of the presence or absence of the gene in the strain tested (Ferrante et al.,
2009; Ferrante & Scortichini, 2010, 2011). Cluster analysis was
performed on a similarity matrix, subjected to the unweighted
pair group method with arithmetic average (UPGMA) clustering
algorithm, using web tools of www.pubmlst.org.

Psa growth in kiwifruit leaves and pathogenicity
towards kiwifruit
In order to compare the growth of Psa populations, 1-year-old
potted A. deliciosa ‘Hayward’ plants were inoculated with Psa 1
(NCPPB 3739), Psa 2 (KN.2), Psa 3 (CRAFRU 8.43) and the
Psa 4-LV strains, ICMP 18802, 18882 and 18883. Greenhousegrown plants were transferred to a growth chamber, set at 95%
humidity and 21  1°C with natural daylight, 1 week before
inoculation. For inoculation, strains were grown on NSA for
48 h at 23–25°C, a single colony was suspended at a concentration of 1–2 9 106 colony-forming units (CFU) per mL in sterile
saline (SS) (085% NaCl in distilled water). Inoculations took
place as described by Marcelletti et al. (2011). Briefly, leaf areas
of c. 1 cm in diameter were inoculated by pressing a needleless
sterile syringe against the leaf to infiltrate the bacteria. For each
strain, 10 leaves from five independent plants (i.e. two leaves
per plant) were inoculated in four sites. Control plants were
treated using solely SS. To determine bacterial growth in planta
2, 4, 8, 12 and 21 days after inoculation, four leaf disks of c.
05 cm in diameter were sampled and ground in 1 mL SS, and
serial tenfold dilutions were spotted onto NSA medium. Colonies were counted 2 days after incubation at 23–25°C to determine the CFU mL1 concentration. At each sampling, with
representative colonies putatively belonging to Psa, identity confirmation was achieved by performing rep-PCR (Ferrante &
Scortichini, 2009, 2010) using Psa CRAFRU 8.43 as positive
control. Standard deviation of log-transformed data was calculated using SPSS v. 20.0 (SPSS Inc.). To additionally verify the
pathogenicity of Psa populations, 1-year-old potted Hayward
plants were inoculated in spring by spraying the same Psa
strains used to assess growth, at a concentration of 1–
2 9 106 CFU mL1 in SS, on the lower surface of leaves. For
each strain, three independent plants (four leaves per plant) were
inoculated. In addition, Hayward fruits were also inoculated
with the same strains by gently wounding the surface of the epidermis with a sterile needle and immediately placing 10–20 µL
of the bacterial suspension on the wound. For each strain, three
independent fruits were inoculated. Both plants and fruits were
maintained in a growth chamber set at 95% humidity and
21  1°C with natural daylight. Control plants and fruits were
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(a)

(b)

(c)

(d)

Host range tests
In order to test the capability to infect host plant(s) other than
Actinidia spp., representative strains of Psa populations were
assayed in a host range test. The same strains used for Hayward
leaf and fruit inoculations were tested. Potted plants grown
under field conditions were transferred to a growth chamber
with 95% humidity and temperature at 21  1°C with natural
daylight 1 week before the inoculation. The inoculum was
obtained as previously described. Leaves and shoots of adult
potted plants of Juglans regia, Pyrus communis, Malus domestica, Prunus persica, Prunus cerasus, Prunus avium, Ficus carica
were inoculated in spring by gently wounding the surface of the
epidermis and immediately placing 10–20 µL of the bacterial
suspension onto the wound. Inoculations with only SS were used
as negative controls. For each strain, two independent plants
were used and two different sites on each of two shoots and
two different sites on each of four leaves were inoculated. During the experiment, the plants were watered regularly (once a
week) and did not receive any fertilizer. Leaves of potted plants
of Solanum lycopersicum, Solanum melongena, Capsicum annuum and Nicotiana tabacum were inoculated 4 weeks post-germination according to the method of Marcelletti et al. (2011). For
each strain, three independent plants were inoculated (two
leaves per plant). Where symptoms were observed on woody or
herbaceous plant species, the inoculation was repeated to confirm the result. In addition, the marketable fruits of the following species: S. lycopersicum, S. melongena, C. annuum,
Cucumis pepo, Cucumis sativus, M. domestica, P. communis,
P. avium, P. cerasus and Citrus lemon were inoculated as previously described for the fruits of A. deliciosa ‘Hayward’. The
inoculation (three independent fruits per strain) was performed
on different occasions. The inoculation points ranged from three
(P. avium and P. cerasus) to 10–15 (the other fruits). Inoculations were performed in the same chamber as for fruit tree species. Inoculations with SS were used as negative controls. To
verify whether the environmental conditions were conducive for
disease development P. avium and S. lycopersicum leaves were
inoculated in parallel with P. syringae pv. morsprunorum race 1
RIPF25 and P. syringae pv. tomato DC3000 respectively, using
the same procedures as for the Psa strains. Plants were inspected
daily over a 3-week period to check for symptom development.
Reisolation and confirmation of strain identity from plants and
fruits with symptoms were performed using previously established procedures (Ferrante & Scortichini, 2009, 2010).

Figure 1 Comparison of colony morphology of Pseudomonas syringae
pv. actinidiae Psa 1 NCPPB 3739 (a), Psa 2 KN.2 (b), Psa 3 CRAFRU
8.43 (c) and Psa 4-less virulent (LV) ICMP 18802 (d) grown on NSA for
72 h, at 23–25°C

(gelatine liquefaction, aesculin hydrolysis, tyrosinase
activity and utilization of tartaric acid) are reported in
Table 3. It is evident that the Psa 4-LV strains exhibited
utilization patterns that were completely different from
those of the other Psa populations. Interestingly, the Psa
4-LV strains did not match any response of the strains
used for comparison (P. syringae pv. morsprunorum,
P. syringae pv. syringae).

Repetitive-sequence PCR typing, Psa strain detection
through duplex PCR and the presence of the syrB gene
Representative rep-PCR fingerprinting patterns for the
four Psa populations obtained using the BOX, ERIC and
REP primer sets and the corresponding dendrogram of
relationships built using the UPGMA algorithm and concatenated data are shown in Figure 2. The Psa 4-LV
strains displayed different molecular patterns for all three
markers compared with Psa 1, Psa 2 and Psa 3 strains.
Additionally, rep-PCR allowed the KN.2 strain isolated
in South Korea during a past epidemic of kiwifruit bacterial canker (Psa 2), to be distinguished from the other

Results
Colony morphology and GATTa tests
The colony morphologies of Psa 1, Psa 2, Psa 3 and Psa
4-LV strains grown for 72 h on NSA plates are shown in
Figure 1. Generally, the Psa 4-LV strains showed a more
rapid, mucoid and extensive growth than the other Psa
populations. Psa 1, Psa 2 and Psa 3 strains appeared as
circular colonies, 1–2 mm in diameter, white, butyrous,
raised and entire, whereas Psa 4-LV colonies were circular, 2–4 mm in diameter, white-creamy, mucoid, raisedconvex and entire. The results of the GATTa tests
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Table 3 GATTa tests performed with Pseudomonas syringae
pv. actinidiae populations Psa 1, Psa 2, Psa 3, Psa 4-less virulent (LV)
strains. Pseudomonas syringae. pv. morsprunorum (Psm) races 1 and
2, and P. s. pv. syringae (Pss) strains were used for comparison

Gelatin
Aesculin
Tyrosinase
Tartrate

Psa 1

Psa 2

Psa 3

Psa 4-LV

Psm
race 1

Psm
race 2

Pss

–
–
–
–

–
–
–
–

–
–
–
–

+
+
+/
+

–
–
+
+

+
–
–
–

+
+
–
–
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(a)

(b)

(d)

(c)
NCPPB3739
KW1
KW30
KW31
NCPPB3871

Psa 1

KN.2

Psa 2

CRAFRU8.43
CRAFRU12.57
CL1
M23
M218
Ivia3729.2

Psa 3

Psa354
36.32
ICMP18836
ICMP18802
ICMP18883
ICMP18882

Psa 4

0·1

Figure 2 (a) Representative repetitive-sequence PCR fingerprint patterns for genomic DNAs of the four Pseudomonas syringae pv. actinidiae
population strains obtained by using BOX (a), ERIC (b), and REP (c) primer sets (see also Table 1). M: molecular size marker 1-kb DNA ladder
(Promega). Lane 1: NCPPB 3738 (Psa 1); lane 2: NCPPB 3739 (Psa 1); lane 3: NCPPB 3740 (Psa 1); lane 4: KW31 (Psa 1); lane 5: NCPPB 3871
(Psa 1); lane 6: KN.2 (Psa 2); lane 7: CRAFRU 8.43 (Psa 3); lane 8: CRAFRU 12.57 (Psa 3); lane 9: CL 1 (Psa 3); lane 10: M23 (Psa 3); lane 11:
M218 (Psa 3); lane 12: IVIA 3729.2 (Psa 3); lane 13: 354 (Psa 3); lane 14: 36.32 (Psa 3); lane 15: ICMP 18836 (Psa 3); lane 16: ICMP 18802 (Psa 4LV); lane 17: ICMP 18883 (Psa 4-LV); lane 18: ICMP 18882 (Psa 4-LV). Red arrows indicate the different pattern of Psa 3 strains (lanes 7–15) using
BOX primers in (a), and of KN.2 (Psa 2; lane 6) and Psa 3 (lanes 7–15) using REP primers in (c). (d) Dendrogram of relationships for the four
Pseudomonas syringae pv. actinidiae populations inferred by UPGMA analysis, performed using Dice’s coefficients, of the concatenated rep-PCR
fingerprinting data set. The scale at the bottom indicates the degree of genetic similarities between strains.

Psa populations using the REP primer set. Moreover,
BOX primers enabled Psa 1 to be clearly distinguished
from Psa 2/Psa 3 strains. The corresponding rep-PCR
UPGMA dendrogram constructed with the concatenated
data set indicated that the Psa 4-LV strains clustered separately from all of the other Psa populations (Fig. 2d).
The distinctiveness of the Psa 4-LV strains was confirmed
using the duplex PCR technique of Gallelli et al. (2011),
which clearly revealed two PCR products for Psa 1,
Psa 2 and Psa 3 strains, while Psa 4-LV had one PCR
product (Fig. 3). None of the four Psa populations possessed the syrB gene which is present in the majority of

P. syringae pv. syringae strains (Scortichini et al., 2003).
In addition, Psa 4-LV strains were compared with P. avellanae and other closely related P. syringae pathovars
(P. syringae pv. morsprunorum race 2, P. syringae
pv. theae, P. syringae pv. tomato) and with P. syringae
pv. morsprunorum race 1. This additional rep-PCR
molecular typing revealed a unique pattern for the Psa
4-LV strains in general. However, using REP primer sets,
very similar rep-PCR patterns were observed between
Psa-LV strains and strains of genomospecies 8 sensu
Gardan et al. (1999) and Scortichini et al. (2013). In
contrast, the pattern of the P. syringae pv. morsprunorum
Plant Pathology (2014)
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2 and 3 populations and the Psa 4-LV strains (Fig. 4).
Seven effectors, namely HopQ1-2, HopY1, HopAM1-1,
HopAH2-1, avrD1, HopAU1 and HopZ3, were absent
from the Psa 4-LV strains. In contrast, two effector proteins, HopO1-2 and HopT1-2, were detected in the Psa
4-LV strains but not in the Psa 1, Psa 2 or Psa 3 populations. The UPGMA dendrogram of relationships shows
that Psa 4-LV strains clustered separately from the other
Psa populations, showing a closer relationship to P. syringae pv. tomato DC3000. The Psa 1 strains are more
similar to the Psa 3 strains than they are to the Psa 2
strain. KN.2, isolated in South Korea and belonging to
the Psa 2 population, did not possess HopR1, avrB4-1,
HopAE1, HopAI1 or HopF2. Moreover, the HopA1
effector was only detected in the Psa 3 strains of the current outbreaks (Fig. 4).

2000 bp
1500 bp
1000 bp
750 bp
500 bp
250 bp

Figure 3 Duplex-PCR gel for the detection of Pseudomonas syringae
pv. actinidiae strains (Gallelli et al., 2011) (see also Table 1). M:
molecular size marker 1-kb DNA ladder (Promega). Lane 1: NCPPB
3739 (Psa 1); lane 2: NCPPB 3871 (Psa 1); lane 3: KN.2 (Psa 2); lane
4: CRAFRU 8.43 (Psa 3); lane 5: ICMP 18836 (Psa 3); lane 6: ICMP
18802 (Psa 4-LV); lane 7: ICMP 18883 (Psa 4-LV); lane 8: ICMP 18882
(Psa 4-LV); lane 9: CL1 (Psa 3); lane 10: M23 (Psa 3); lane 11: M218
(Psa 3); lane 12: CRAFRU 16.27 (Psa 3); lane 13: CRAFRU 16.28 (Psa
3); lane 14: negative control.

Growth curve analysis in kiwifruit leaves and
pathogenicity

race 1 strains was quite different (Fig. S1a). Notably, the
rep-PCR fingerprinting pattern of the Psa 4-LV strains
obtained with the three primer sets was not identical to
any of the representative strains of genomospecies 8. The
UPGMA dendrogram constructed with the concatenated
data from the three primer sets confirmed the uniqueness
of the Psa 4-LV strains, which appeared to be closely
related to P. syringae pv. theae (Fig. S1b).

NCPPB3739
KW1
KW30
KW31
NCPPB3871
CRAFRU8.43

hopT1-2

hopO1-2
hopS1’

HopQ1-1
hopD1
hopO1-1

hopA1

hopAI1
hopF2

hopAE1

hopM1
hopR1
avrB4-1

hopP1

hopJ1

hopAJ2

Psa 1

hopAS1

PCR amplification of 29 type III secretion system effector
genes revealed consistent differences between the Psa 1,

hopAU1
hopZ3

Detection of type III secretion system effector genes

avrD1

The growth curve of Psa 1, Psa 2, Psa 3 and Psa 4-LV
strains is shown in Figure 5. Psa 1, 2 and 3 populations
multiplied in the green kiwifruit to a significantly greater
extent than the Psa 4-LV strains. After an initial increase,
the growth of the Psa 4-LV strains began to decrease in
the leaf at 4 days post-inoculation. At the end of the
experiment, the growth of Psa 1, Psa 2 and Psa 3 strains
increased to c. four times the rate of the Psa 4-LV strains
(Fig. 5). When inoculated on A. deliciosa ‘Hayward’ by
lower leaf spray inoculation, the Psa 4-LV strains,
including ICMP 18883, which was isolated from Hayward, caused tiny necrotic spots that never progressed to

hopAH2-1

8

hopY1
hopAM1-1

7

hopQ1-2

6

hopN1

5

avrE1

4

hopAG1

3

hopAH2-2

2

hopS2

M 1

7

CRAFRU12.57
CRAFRU8.56
CRAFRU13.02
Ivia3729.2
Psa354

Psa 3

CRAFRU12.50

ICMP18836
CL1
M218
KN.2
ICMP18802
ICMP18883
ICMP18882
PtoDC3000

Psa 4 Psa 2

M23

0·1

Figure 4 PCR detection of presence/absence of type III secretion system effector protein genes in representative strains of the four Pseudomonas
syringae pv. actinidiae populations and the corresponding dendrogram of strain relationships inferred by UPGMA analysis. Filled squares represent
presence and open squares represent absence. The scale at the bottom indicates the degree of genetic similarities between strains.
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7·2
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(c)

(d)

CRAFRU 8.43 (Psa 3)
ICMP18802 (Psa 4)

Log (CFU mL–1)

7

ICMP18883 (Psa 4)
ICMP18882 (Psa 4)

6·8
6·6
6·4
6·2
6
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2

4

8

12

18

21

Days
Figure 5 Growth curves of Pseudomonas syringae pv. actinidiae Psa
1 (NCPPB 3739), Psa 2 (KN.2), Psa 3 (CRAFRU 8.43) and Psa 4-less
virulent (LV) strains (ICMP 18802, 18882 and 18883) following
inoculation of Actinidia deliciosa ‘Hayward’ leaves. Samplings and
colony counts were performed 2, 4, 8, 12 and 21 days after
inoculation. Bars represent the standard deviation.

infection, whereas the other three Psa populations
induced clear and typical signs of disease (leaf spotting,
necrotic areas, water-soaked areas) (Fig. 6). No sign of
infection was observed in the green-fleshed kiwifruit
fruits inoculated with the four Psa populations and in
A. deliciosa ‘Hayward’ leaf and fruit controls.

Host range tests
The Psa 1, Psa 2 and Psa 3 populations did not induce
any disease symptoms on any of the inoculated woody
or herbaceous plant species or on any of the fruits tested.
No signs of disease were observed in control plants. In
contrast, the Psa 4-LV strains caused extensive leaf and
twig wilting in P. cerasus ‘Amarena del Piemonte’ trees
(Fig. 7). Symptoms were reproduced in two independent
tests. Reisolations from visibly infected sour cherry tree
tissues (leaves and shoots) and subsequent phenotypic
and molecular tests confirmed the identity of the Psa
4-LV strains. In most cases, Psa 4-LV strains caused
hypersensitive reactions on the leaves of the inoculated
plants. Figure S2 shows examples on eggplant (Solanum
melongena) and sweet cherry (P. avium). In contrast,
P. syringae pv. morsprunorum race 1 RIPF25 and
P. syringae pv. tomato DC3000 caused typical symptoms
on sweet cherry and tomato (S. lycopersicum) leaves,
respectively, confirming that the environment was conducive for disease development in the compatible pathogen–host combinations (Fig. S3). Inoculation of pepper
C. annuum ‘Raggio’ fruits with Psa 4-LV strains consistently resulted in necrotic areas surrounding the site of
inoculation, whereas Psa 1 and Psa 3 did not induce
any necrosis and Psa 2 very tiny necrotic spots (Fig. 8).

Figure 6 Symptoms on leaves of Actinidia deliciosa ‘Hayward’ 1 week
after inoculation with Psa 4-less virulent (LV) ICMP 18883 (a) and
Pseudomonas syringae pv. actinidiae Psa 1 (NCPPB 3739) (b), Psa 2
(KN.2) (c) and Psa 3 (CRAFRU 8.43) (d).

Pseudomonas avellanae, P. syringae pv. theae and P. syringae
pv. morsprunorum race 2 caused very light or no necrosis (Fig. S4). In addition, Psa 4-LV strains induced small
necrotic, superficial lesions on sour and sweet cherry
fruits and no signs of infection on lemon fruits. Reisolations from infected fruit tissues and subsequent tests
confirmed the identity of the Psa 4-LV strains.

Discussion
This study provided evidence that the Psa-LV strains,
belonging to Psa 4 or Psa biovar 4 sensu Chapman et al.
(2012) and Vanneste et al. (2013), respectively, and isolated from both A. deliciosa and A. chinensis in New
Zealand, do not belong to P. syringae pv. actinidiae.
None of the tests conducted revealed a close relationship
between these strains and the other three Psa populations. The data confirmed and expanded upon the results
obtained by other studies that either failed to identify
these strains by specific detection techniques (Balestra
et al., 2013; Gallelli et al., 2013) or that revealed their
clear distinctiveness from the other Psa populations and
some closely related P. syringae pathovars through
MLST analysis and broad genomic comparisons (Butler
et al., 2013; McCann et al., 2013). In particular, both
rep-PCR fingerprinting and type III secretion system
effector protein gene detection, along with their
Plant Pathology (2014)
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Figure 7 Extensive shoot and twig dieback of Prunus cerasus
‘Amarena del Piemonte’ 2 weeks after inoculation, during spring, with
Psa 4-less virulent (LV) ICMP 18802 strain.

corresponding UPGMA dendrograms, revealed the clear
distinctions between these strains. This was also confirmed by the duplex PCR technique of Gallelli et al.
(2011) that did not identify the Psa 4-LV strains.
Recording the distinctive characteristics of bacterial
colonies grown on culture media functions as a means
for beginning the process of bacterial identification, as
clearly distinct colony morphologies usually suggest different biological entities (Brenner et al., 2007). Psa 4-LV
strains exhibited different colony morphologies to the
other Psa population strains on NSA plates, in agreement
with the previous observations of Vanneste et al. (2013)
made on KB medium.
Rep-PCR fingerprinting analysis can identify very
small differences in banding patterns, so that it is generally used for typing and differentiating bacterial strains
belonging to closely related species and/or pathovars
(Louws et al., 1994; Scortichini et al., 2002; Gilbert

(a)

Figure 8 Comparison of symptoms 1 week
after inoculation of Capsicum annuum
‘Raggio’ fruits with representative strains of
Pseudomonas syringae pv. actinidiae. In
each case, the fruit is inoculated with Psa 4less virulent (LV) strain ICMP 18883 on the
right, in comparison with Psa 1 (NCPPB
3739) (a), Psa 2 (KN.2) (b) and Psa 3
(CRAFRU 8.43) (c), on the left.
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et al., 2009). In this study, rep-PCR, performed with
REP primer sets, clearly distinguished the Psa strain isolated in South Korea during the past epidemic of kiwifruit bacterial canker from the other Psa populations.
The present study revealed that the Psa 4-LV banding
pattern was different from those of the three other Psa
populations, which are very similar to each other, thus
suggesting that Psa 4-LV is distinctive from these strains.
Moreover, rep-PCR analysis and the corresponding UPGMA dendrogram obtained with concatenated data also
agreed with the results obtained with MLST analysis
(Butler et al., 2013) and genome comparisons (McCann
et al., 2013), indicating that the Psa 4-LV strains belong
to genomospecies 8 together with P. avellanae, P. syringae pv. theae and P. syringae pv. actinidiae, and P. syringae pv. morsprunorum race 2 (Gardan et al., 1999;
Scortichini et al., 2002, 2013). However, it should be
noted that the rep-PCR fingerprinting patterns of the Psa
4-LV strains were not identical to any of the other
strains of genomospecies 8 or of P. syringae pv. avellanae and P. syringae pv. morsprunorum race 1.
The presence/absence of type III secretion system effector genes in the different Psa population strains, inferred
by their PCR detection, are in general agreement with
the data of McCann et al. (2013) obtained by sequencing
these proteins. However, McCann et al. (2013) revealed
that the effector HopA1, which was identified solely in
the Psa 3 strains in the present study, was also present in
Psa 4-LV and Psa 2 strains. It should be noted that in
some strains, this effector is characterized by premature
terminations, partial translocations, frame shifts and out
of frame indels (McCann et al., 2013), possibly preventing PCR detection. Chapman et al. (2012) reported the
presence of the HopD1 effector in all Psa populations,
including the Psa 4-LV strains, but this was not identified
in the Psa 4-LV strains either in the present study or by
McCann et al. (2013).
A robust confirmation of the distinctiveness of the Psa
4-LV strains was inferred by their growth assessment in
A. deliciosa leaves and host range testing. The comparison of growth of Psa 1, Psa 2, Psa 3 and Psa 4-LV
strains in green-fleshed kiwifruit leaves revealed that the
Psa 4-LV strains did not actively multiply 4 days after
inoculation and their growth began to decrease. This

(b)

(c)
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suggests that the Psa 4-LV strains are not able to colonize this host plant effectively. In contrast, all of the
other Psa populations continued to multiply during the
21 days of sampling. A similar finding was observed by
McCann et al. (2013) during their 14-day experiment,
when another Psa 4-LV strain, ICMP 18803, did not
multiply in A. deliciosa ‘Hayward’ leaves following artificial inoculation. In addition, the Psa 4-LV strains,
including the strain originally isolated from A. deliciosa
‘Hayward’, caused tiny and irrelevant spotting when
leaves of this cultivar were inoculated, whereas Psa 1,
Psa 2 and Psa 3 strains caused the typical leaf symptoms
of kiwifruit bacterial canker (relevant spotting, necrotic
and water-soaked areas). Psa populations 1, 2 and 3
failed to induce any sign of infection in any of the other
plant species inoculated. In contrast, the Psa 4-LV strains
demonstrated virulence during the spring in P. cerasus
leaves and shoots, causing extensive leaf and twig wilting. The very low growth and absence of relevant signs
of disease observed upon the artificial inoculation in
A. deliciosa leaves, combined with the ability to cause
disease on P. cerasus, strongly suggest that Psa 4-LV
strains belong to a phytopathogen of plant species other
than Actinidia spp.
Psa 4-LV strains also induced relevant necrosis on
C. annuum fruits around the inoculation sites, whereas
neither the Psa 1, 2 and 3 populations nor the P. avellanae, P. syringae pv. theae, P. syringae pv. morsprunorum race 1 and race 2 strains induced a similar and
relevant necrosis on pepper fruits. The inoculation of
fruits as indicators of the aggressiveness of plant pathogenic bacteria is a reliable bioassay for revealing the
potential pathogenicity of pseudomonad strains, as demonstrated for lemon fruits inoculated with P. syringae
pv. syringae (Cazorla et al., 1998; Scortichini et al.,
2003). The Psa 4-LV strains did not induce any symptom
on Hayward fruit.
The GATTa tests, which are used as the determinative assay for discriminating strains of P. syringae
pv. morsprunorum race 1 from race 2 (Latorre &
Jones, 1979), were performed to further verify the possible similarity of Psa 4-LV strains with these races.
The tests provided a different response with the Psa 4LV strains, showing a unique profile that was different
from those of P. syringae pv. morsprunorum race 1 and
race 2, P. syringae pv. syringae strains and other Pseudomonas strains isolated from wild cherry (Vicente
et al., 2004). The morsprunorum pathovar of the P. syringae complex is variable both in terms of host specificity and molecular and phenotypic features. The two
races of this pathogen are currently recognized and consistently identified and differentiated using rep-PCR fingerprinting and MLST analysis (Vicente & Roberts,
2007; Gilbert et al., 2009; Bultreys & Kaluzna, 2010;
Kaluzna et al., 2010). Wild sour cherry trees (P. cerasus) can also be infected with P. syringae pv. avii; however, the GATTa test response for this pathogen is
different from that exhibited by the Psa 4-LV strains
(Menard et al., 2003).

The results provided by the host range tests of Psa 4LV strains, with the absence of necrosis on most of the
host plants tested, including lemon fruits, the absence of
the syrB gene and their phylogenetic placement between
P. syringae pv. morsprunorum and P. syringae pv. theae
(Butler et al., 2013; McCann et al., 2013) suggest that
the Psa 4-LV strains do not belong to the pathovar syringae.
Evidence derived from previous and present studies
suggests that the Psa 4-LV strains are likely to be
members of a currently unnamed pathovar belonging
to the P. avellanae species together with P. syringae
pv. actinidiae, P. syringae pv. theae and P. syringae
pv. morsprunorum race 2 (Scortichini et al., 2013). A
pathovar is defined as ‘strains or set of strains with
the same or similar characteristics that differentiated at
an intrasubspecific level from other strains of the same
species or subspecies on the basis of distinctive pathogenicity to one or more plant hosts’ (Dye et al., 1980).
Within this context, additional host range tests, possibly performed at different times of the year, should be
conducted to reveal additional virulence traits and
could describe the pathogenic behaviour of these
strains more precisely to possibly name them according
to their definite host range. In any case, in the revision
of the international standards for naming pathovars of
phytopathogenic bacteria (Young et al., 1991), it was
stressed that ‘pathovars are distinguished in terms of
proved differences in host range’. From the results of
the present study, it appears that the Psa 4-LV strains,
unlike the other three Psa populations, are pathogenic
mainly towards other plants (i.e. P. cerasus) than
A. deliciosa. However, symptomless interactions with
A. deliciosa and A. chinensis, the host plants from
which they were originally isolated, cannot be
excluded. Genomic comparisons would provide further
insight into the taxonomic position of the phytopathogenic pseudomonads associated with sweet and sour
cherry trees and of Psa 4-LV. A recent study reported
that the pathotype strain of P. syringae pv. morsprunorum race 2 belongs to the P. avellanae species (Scortichini et al., 2013).
It is proposed that the Psa genetic structure comprises
three distinct Psa populations: Psa 1, including the
strains from Japan and Italy from past outbreaks; Psa 2,
including the strains isolated in South Korea during the
past epidemics; and Psa 3, including the strains of the
current worldwide epidemics of bacterial canker of kiwifruit.
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Figure S1 (a) Repetitive-sequence PCR fingerprinting patterns for genomic DNAs, obtained by using BOX (a), ERIC (b), and REP (c) primer
sets of Psa 4-LV strains in comparison with strains of genomospecies 8
sensu Gardan et al. (1999) and Scortichini et al. (2013) and closely
related species (see also Table 1). (d) Dendrogram of genetic relatedness
of ERIC, BOX and REP fingerprint patterns generated by repetitivesequence PCR typing. UPGMA cluster analysis was performed using
Dice’s coefficients.
Figure S2 Hypersensitivity reactions incited by Pseudomonas syringae
pv. actinidiae Psa 4-less virulent (LV) ICMP 18802 on Solanum melongena ‘Claudia’ (a) and Prunus avium ‘Bigarreau Burlat’ (b) leaves, 2 days
after inoculation.
Figure S3 Solanum lycopersicum ‘Caliendo’ leaves 1 week after inoculation with Pseudomonas syringae pv. actinidiae Psa 4-less virulent (LV)
ICMP 18802 (a) and P. s. pv. tomato DC3000 (b).
Figure S4 Capsicum annuum ‘Raggio’ fruits 1 week after inoculation
with Pseudomonas syringae pv. actinidiae Psa 4-less virulent (LV) ICMP
18883 (a, b, c), P. syringae pv. morsprunorum race 2 RIPF 732 (a), P. avellanae BPIC 631 (b) and P. syringae pv. theae NCPPB 2598 (c).
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