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Introduction

Pseudomonas syringae pv. savastanoi was pre-
viously regarded as the single pathogen respon-
sible for bacterial knot disease in olive, oleander,
ash and other hosts (Bradbury, 1986). Olive knot
and oleander knot are now considered to be dis-
eases caused by distinct pathogenic populations
in P. savastanoi (Janse, 1982; Caponero et al.,
1995; Young et al., 1996), referred to here as olive
strains or oleander strains of P. savastanoi.
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Olive trees have been grown in New Zealand
for more than a century, mostly as specimen or-
namentals, with some amateur production of
fruit for processing. Commercial olive groves for
oil and for fruit have been a recent initiative in
New Zealand. When the oleander knot pathogen
was recorded in New Zealand (Dye, 1956) it was
believed that this pathogen also caused olive knot
disease. The specific olive knot pathogen was first
detected in New Zealand in 1997 (Braithwaite et
al., 1999). Subsequent disease outbreaks occur-
ring in olives with origins that could not be linked
to the first recorded outbreak suggested the pos-
sibility of more than one introduction of this
pathogen (Braithwaite et al., 1999).

In the Northern Hemisphere, strategies to
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minimize the severity of disease depend on at-
tention to programmes for pruning, irrigation
and fertilizer application. There is no cost-effec-
tive way to control knot in olive groves using
currently available bactericidal sprays (Young,
2004). Sisto and Iacobellis (1999) noted the need
for identified tolerant varieties of olive as a way
to minimise the effects of the disease, but at
present no commercial cultivars have been iden-
tified that are usefully tolerant (Iacobellis, 2001).
Few quantitative studies of susceptibility of ol-
ive cultivars to bacterial knot pathogens have
been reported (Varvaro and Surico 1978a; Sisto
et al., 2001). Because of the potential significance
of bacterial knot to the olive industry, the rela-
tive tolerance of those cultivars currently fa-
voured for the development of the industry in
New Zealand was investigated.

Materials and methods
Bacterial strains and pathogenicity tests

Strains of Pseudomonas savastanoi used in
this study were from the International Collec-
tion of Micro-organisms from Plants (ICMP),
Landcare Research, Auckland, New Zealand
(www.landcareresearch.co.nz/research/biodiver-
sity/fungiprog/icmp.asp). Olive strains ICMP
13519 and 13813 were chosen on the basis of
their proved pathogenicity to olive cv. Barnea but
lack of pathogenicity to oleander (pink ornamen-
tal cultivar), and oleander strains ICMP 791 and
13815 were chosen on the basis of their proved
pathogenicity to both these cultivars (unpub-
lished data).

Olive cultivars included in the study were cho-
sen in consultation with New Zealand growers:
Barnea, Carolea, Koroneiki, Leccino, Manzanil-
lo, Pendolino, Picholine, Picual and a South Aus-
tralian selection of Verdale (‘Verdale’). Plants
used were single-stemmed, nursery stock (60–80
cm high), grown from rooted cuttings.

Bacterial inoculum was harvested from slope
cultures incubated at 25°C for 2 days on yeast-
extract phosphate salts agar (NH4Cl, 0.5 g; KCl,
0.2 g; MgSO4·7H20, 0.2 g; K2HPO4, 1.0 g; yeast
extract [Difco Laboratories, Detroit, MI, USA],
3.0 g; agar [Davis, Germantown (NZ) Co., Maru-
kan, NZ] 12 g; de-ionised water, 1 l) and suspend-
ed in sterile de-ionised water. Inoculum turbidi-

ty was standardized using a nephelometer and
calibrated by plate counts of decimal dilution se-
ries.

Inoculations were made in the first week of
December (the beginning of the Southern hemi-
sphere summer). Each strain of the olive patho-
gen and of the oleander pathogen was inoculat-
ed at four different bacterial concentrations (two
plants per concentration) into each olive culti-
var (a total of 32 plants per cultivar). For each
cultivar, two additional control plants were in-
oculated with sterile de-ionised water. Plants
were inoculated by pricking stems at three sites
in every internode of each plant using hypoder-
mic needles charged with suspension. Four, thir-
ty-three fold, dilutions, calibrated at 108,
3.3�106, 105 and 3.3�103 cfu ml-1, were inocu-
lated.

Young (1991) showed how the volume of sus-
pension introduced into plants by artificial inoc-
ulation could be determined, and hence that the
absolute numbers of bacteria present at inocu-
lated sites could be estimated. Using this ap-
proach, estimated volumes of 2.5�10-4ml were
injected in each inoculation, translating to dilu-
tions as 2.5�104, 800, 25, and 1 cfu per inocula-
tion site.

After inoculation, plants were randomised by
cultivar and held in a glasshouse with each rep-
lication held in a separate unit.

Gall size recording

Glasshouse temperature was recorded at 2–3
day intervals. Plants were maintained with a
suitable water and fertilizer regime. Gall size
was measured after two months. After this re-
cording, all plants were held in the glasshouse
for a further eight months, with watering but
without regular temperature recording. Ten
months after inoculation, gall diameter on plants
inoculated with ICMP 13519, calibrated at
3.3�106 cfu ml-1, was measured. Only one series
of cv. Manzanillo was counted because the other
had been sacrificed for other studies (unpub-
lished data).

Mean daily temperatures for the initial 2-
month period were 21.5±1.7°C, with a maximum
temperature of 26.9±2.2°C, and a minimum tem-
perature of 16.1±1.9°C. The temperature range
over the following 8-month period was 6–27°C.
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Analysis of results

Three approaches to the assessment of culti-
var responses were considered:

1. The mean diameters of galls developing on
the different cultivars inoculated with olive
strains standardised at 3.3�106 cfu ml-1 were
compared. The lme function of Splus (2002) was
used to fit separate variances for between-plant
and within-plant variability, with within-plant
variance being proportional to the cultivar mean.

2. Cultivar response was also measured using a
variation of that reported by Hu et al. (1997). The
effect of inoculation was assessed as the increase in
mean lesion size between inoculated and control
treatments, to correct for the differing reactions
between cultivars to mechanical wounding. A mixed
model was fitted to the data using REML in the sta-
tistical package Genstat 6.1 (Genstat Committee,
2002), regressing gall diameter against the log of
inoculum concentration, with separate regressions
for each plant randomly varying about a mean val-
ue for each strain. A correction for the effect of me-
chanical wounding was applied by subtracting the
mean gall diameters of the control plants (data not
shown) from the mean value of inoculations for each
dilution, as an offset.

3. Data from these two approaches were combined
by plotting fitted gall diameters of olive strains inoc-
ulated at 3.3�106 cfu ml-1 against the gradient of in-
crease in gall size / 10-fold increase in inoculum.

Results
Data recorded two months after inoculation

Correlations based on the diameter, area (as
diameter2), or volume (as diameter3) of galls, ver-
sus bacterial inoculum dose, were compared. Gall
diameter versus logarithm of bacteria inoculated
gave the best linear correlation when each culti-
var was considered independently. Gall diameter
was therefore chosen as the basic parameter to
define disease severity.

1. Separate variances for between-plant and
within-plant variability, with within-plant vari-
ance were shown to be proportional to the cultivar
mean. The variability of cultivars increased with
their means, and the fitted model assumed that
the variance was proportional to the mean.

Mean gall diameters in all cultivars inoculated
with olive and oleander strains at 3.3�106 cfu ml-1

with their standard errors are shown (Table 1).
Mean lesion size varied between strains for most
cultivars. Those cultivars where the P-value for a
test of difference in fitted gall diameters between
strains is <0.05 are shown as shaded. For each
cultivar, galls induced by olive strains were larger
than those induced by oleander strains (P-value
< 0.001).

Gall diameter values resulting from inoculation
with the olive strains and with the oleander strains
were separately combined (Table 2). For olive
strains, there was a range of gall sizes, ordered

Table 1. Mean gall diameter (mm) in nine olive cultivars inoculated with P. savastanoi olive knot strains ICMP
13519 and 13813 and P. savastanoi oleander knot strains ICMP 791 and 13815 at concentrations of 3�106 cfu ml-1,
recorded after 2 months. Mean diameters with their standard errors are indicated. Values in bold indicate signifi-
cantly different reactions between strains in each host.

Olive Oleander

Cultivar ICMP 13519 ICMP 13813 ICMP 791 ICMP 13815

Diameter S.E. Diameter S.E. Diameter S.E. Diameter S.E.

Manzanillo 2.10 0.073 1.53 0.059 0.87 0.058 0.82 0.059
Picholine 2.07 0.073 1.64 0.073 0.48 0.047 0.65 0.067
Verdale 1.69 0.060 1.42 0.086 0.19 0.032 0.12 0.028
Barnea 1.68 0.087 1.69 0.076 1.40 0.083 1.16 0.061
Picual 1.57 0.041 1.27 0.044 0.33 0.032 0.50 0.038
Koroneiki 0.93 0.053 0.62 0.044 0.16 0.03 0.27 0.038
Leccino 0.90 0.039 0.87 0.047 0.45 0.034 0.57 0.043
Carolea 0.82 0.032 0.46 0.035 0.37 0.036 0.07 0.018
Pendolino 0.76 0.053 1.05 0.056 0.24 0.037 0.24 0.041
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from largest to smallest, in the cultivars Picholine,
Manzanillo, Barnea, Verdale, Picual, Pendolino,
Leccino, Koroneiki and Carolea. For oleander
strains the order was Barnea, Manzanillo, Pi-
choline, Leccino, Picual, Pendolino, Koroneiki,
Carolea and Verdale.

2. Regressions were fitted for both the olive and
oleander inoculation series and rates of change in
gall diameter / ten-fold change in inoculum con-
centration were estimated (Table 3). For olive

strains, the rates differed between strains only for
cultivars Carolea and Koroneiki (P-values 0.034,
0.029 respectively). For every cultivar, rates did
not differ between oleander strains but were great-
er for the olive strains than for the oleander strains
in each case (P-value <0.001). For the cultivars
Carolea, Picholine and Verdale, the rates for the
oleander strains did not differ from 0. The gradi-
ent values for the olive strains and for the olean-
der strains were combined for each cultivar (Table
4). For olive strains, combined values indicate a
range, ordered from greatest to least rate of change
in cultivars Manzanillo, Verdale, Barnea, Picual,
Picholine, Koroneiki, Leccino, Pendolino and Car-
olea. For oleander strains, values indicate a range,
from greatest to least rate of change, in cultivars
Barnea, Manzanillo, Leccino, Picual, Pendolino,
Koroneiki, Carolea, Picholine and Verdale.

3. Fitted gall diameters of olive strains inocu-
lated at 3.3�106 cfu ml-1 were plotted against the
gradient of increase in gall size / 10-fold increase
in inoculum for olive strains (Fig. 1a) and olean-
der strains (Fig. 1b). For olive strains, the data
indicate two groups of cultivars. The first group
represented cultivars that expressed steep gradi-
ents and large galls: Barnea, Manzanillo, Picholine,
Picual and Verdale. The second group represented
cultivars that expressed shallow gradients and
small galls: Carolea, Koroneiki, Leccino and Pen-
dolino.

Table 2. Combined gall diameters (mm) in nine olive
cultivars inoculated with P. savastanoi olive knot strains
ICMP 13519 and 13813 and P. savastanoi oleander knot
strains ICMP 791 and 13815 at concentrations of 3�106

cfu ml-1, recorded after 2 months. Mean diameters with
their standard errors are indicated.

Olive strains Oleander strains
Cultivar

Diameter SE Diameter SE

Picholine 1.87 0.053 0.56 0.041
Manzanillo 1.82 0.050 0.85 0.041
Barnea 1.68 0.058 1.27 0.051
Verdale 1.57 0.052 0.16 0.021
Picual 1.44 0.030 0.42 0.025
Pendolino 0.90 0.039 0.24 0.027
Leccino 0.89 0.030 0.52 0.028
Koroneiki 0.77 0.036 0.22 0.024
Carolea 0.65 0.025 0.22 0.022

Table 3. Gradients representing reactions of nine olive cultivars inoculated with P. savastanoi olive knot strains
ICMP 13519 and 13813 and oleander knot strains ICMP 791 and 13815 recorded after 2 months. Values are ex-
pressed as change in gall diameter / ten-fold change in inoculum concentration. Mean gradients with their standard
errors are indicated.

Olive Oleander

Cultivar ICMP 13519 ICMP 13813 ICMP 791 ICMP 13815

Gradient SE Gradient SE Gradient SE Gradient SE

Manzanillo 0.83 0.043 0.73 0.036 0.23 0.035 0.31 0.036
Verdale 0.69 0.035 0.70 0.052 0.00 0.019 0.00 0.016
Barnea 0.64 0.048 0.69 0.045 0.31 0.049 0.30 0.037
Picual 0.59 0.024 0.64 0.029 0.07 0.019 0.09 0.021
Picholine 0.58 0.044 0.68 0.043 -0.02 0.028 0.04 0.038
Koroneiki 0.43 0.032 0.34 0.026 0.07 0.018 0.07 0.022
Leccino 0.37 0.023 0.33 0.028 0.22 0.021 0.25 0.026
Pendolino 0.36 0.030 0.44 0.033 0.10 0.022 0.07 0.025
Carolea 0.35 0.020 0.29 0.021 0.03 0.023 0.00 0.011
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Oleander strains caused reactions generally
leading to small galls and low rates of increase
with inoculum dose. Only in cultivars Barnea,
Manzanillo and Leccino were reactions expressed
to oleander strains that were comparable to those
of tolerant olive cultivars to olive strains.

Fitted regressions of the dose response for oli-
ve and oleander, expressed as rates of change in
gall diameter / ten-fold change in inoculum con-
centration (Table 3), were corrected to give ab-
solute bacterial numbers (cfu) inoculated. The in-
tersection of the slopes on the x-axis showed that
cultivars in both groups inoculated with olive
strains both expressed reactions to inoculation
when bacterial numbers exceeded 3±0.2 cfu per
inoculation site. The variability of reactions to
oleander strains did not allow meaningful gen-
eralised dose-response curves to be derived, and
no useful value for symptom initiation could be
given.

Table 4. Gradients of combined data representing reac-
tions of nine olive cultivars inoculated with P. savasta-
noi olive knot strains ICMP 13519 and 13813 and ole-
ander knot strains ICMP 791 and 13815 recorded after
2 months. Values are expressed as change in gall diam-
eter / ten-fold change in inoculum concentration. Mean
gradients with their standard errors are indicated. Val-
ues in bold indicate significantly different reactions be-
tween strains in each host.

Olive strains Oleander strains
Cultivar

Gradient SE Gradient SE

Manzanillo 0.78 0.030 0.27 0.025
Verdale 0.70 0.031 0.00 0.013
Barnea 0.66 0.033 0.30 0.031
Picholine 0.62 0.032 0.01 0.024
Picual 0.60 0.019 0.09 0.015
Pendolino 0.39 0.023 0.09 0.016
Koroneiki 0.38 0.021 0.07 0.014
Leccino 0.35 0.018 0.23 0.017
Carolea 0.31 0.015 0.02 0.013

Fig. 1. Mean gall diameters (mm) in nine olive cultivars inoculated with P. savastanoi olive knot strains ICMP
13519 and 13813 (a), and oleander strains ICMP 791 and 13815 (b), at 3�106 cfu ml-1, plotted versus gradient
expressed as change in gall diameter / ten-fold change in inoculum concentration. Cultivar: 1, Picholine; 2, Manza-
nillo; 3, Barnea; 4, Verdale; 5, Picual; 6, Pendolino; 7, Leccino; 8, Koroneiki; 9, Carolea. Each bar represents ±
standard error of estimated values of the gradient and gall diameter. If the bars for the gradients of two cultivars do
not overlap, it is concluded that they are significantly different (P<0.05).
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Data recorded 10 months after inoculation

Analysis based on the mean diameter of galls
developing from inoculations with ICMP 13519,
standardised at 3.3�106 cfu ml-1, is shown in Ta-
ble 5. These data can be interpreted as indicating
two cultivar groups:
first group (large galls): Leccino, Manzanillo, Pi-
choline, Picual and Verdale,
second group (small galls): Barnea, Carolea, Koro-
neiki and Pendolino.

The lme function of Splus 6 (2002) was used to fit
separate variances for between-plant and within-
plant variability, with within-plant variance being
proportional to the cultivar mean. The variability of
reactions by cultivars increased with their mean.

Discussion

In the field the pathogen of olive knot, Pseu-
domonas savastanoi, causes galls that can develop
to greater than 3 cm in diameter, growing over sev-
eral months. In pathogenicity tests, however, time
constraints usually demand shorter incubation pe-
riods with resultant smaller galls. In this study,
primary recording was done after 2 months, follow-
ing Janse (1982). Relative sizes of galls were taken
as reflecting relative cultivar tolerance, large galls
indicating low tolerance and small galls indicating
high tolerance. Gradients expressed as change in
gall diameter / ten-fold change in inoculum concen-
tration were taken as reflecting cultivar tolerance,
steep gradients indicating low tolerance and shal-
low gradients indicating high tolerance.

Mean gall size varied between strains of the ol-
ive and oleander pathogens (Table 1), indicating dif-
ferences in virulence, as observed in other reports
of host-pathogen interactions (Young, 1987; Crosse
and Garrett, 1996; Hu et al., 1997). Preliminary stud-
ies (unpublished data) showed that strains differed
markedly in pathogenicity, from avirulence to severe
knot production. In a study of this kind, the choice
of strains used obviously could influence results.
Ideally, many strains should be included. In prac-
tice, the number is usually small (Sisto et al., 2001).
An alternative could be to include many strains in
an inoculum mélange. This option seemed to invite
a number of uncertainties in interpretation until the
reliability of the model could be proved. In this study,
only two proved pathogenic strains were used and
then treated as representative of a larger popula-
tion of strains; that is to say, standard statistical
methods were applied, although the selection of
strains was non-random. For each olive strain, mean
gall size varied between plants, indicating between-
plant variation in tolerance to the pathogen (Table
1) but because the stock source of plants from which
cuttings were derived was restricted, the sample is
too small to draw any conclusions.

Two forms of analysis were considered. Gall size
measured after a fixed period of inoculation has been
used for the quantitative measurement of relative
tolerance/susceptibility of olive (Sisto et al. 2001).
This method was compared with the model devel-
oped by Hu et al. (1997). In their study of Acidovo-
rax avenae in Avena sativa and Zea mays, fitted gra-
dients, expressed as change in lesion diameter per
inoculum concentration, were used to determine
strain virulence. This model was here used as a
measure of relative olive cultivar tolerance to P.
savastanoi. For olive strains, fitted gall sizes were
expressed as a range, from largest to smallest galls,
in the cultivars Picholine, Manzanillo, Barnea, Ver-
dale, Picual, Pendolino, Leccino, Koroneiki and Ca-
rolea (Table 2). This was essentially similar to the
range expressed as the gradients of cultivar respons-
es to the pathogen, expressed in order from steep-
est to shallowest, comprising Manzanillo, Verdale,
Barnea, Picual, Picholine, Koroneiki, Leccino, Pen-
dolino and Carolea (Table 4).

Measurement of gall size (by mass) and rates of
change of gall size as indices of tolerance to olive
knot have been reported elsewhere (Varvaro and
Surico, 1978a). They also found a correspondence

Table 5. Mean gall diameter (mm) in 9 olive cultivars
inoculated with P. savastanoi olive knot strain ICMP
13519 at 3�106 cfu ml-1, recorded after 10 months. Mean
diameters with their standard errors are indicated.

Cultivar Diameter SE

Picholine 4.4 0.40
Verdale 4.2 0.40
Manzanillo 3.7 0.55
Picual 2.2 0.34
Leccino 1.8 0.33
Pendolino 0.5 0.28
Carolea 0.5 0.28
Koroneiki 0.2 0.27
Barnea 0.0 –
Control 0.0 –
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between gall size and rate of increase in gall size
with time. In the present study an additional step
was taken in that these data were combined in a
single comparative plot of gall size versus gradient
(Fig. 1). This analysis showed that cultivars could
be placed in two groups. The first group: Barnea,
Manzanillo, Picholine, Picual and Verdale, consist-
ed of cultivars that expressed steep gradients and
large galls that indicated susceptibility. The second
group: Carolea, Koroneiki, Leccino and Pendolino,
consists of cultivars that expressed shallow gradi-
ents and small galls that indicates tolerance or re-
sistance. This approach appears to offer a robust
method of assessing cultivar performance.

Gall diameters resulting from inoculation at
concentrations of 3�106 cfu ml-1 recorded after 10
months largely confirmed this pattern for relative
tolerance to olive strains, with cultivars Manza-
nillo, Picholine, Verdale, Picual and Leccino being
least tolerant, and Barnea, Carolea, Koroneiki and
Pendolino being most tolerant.

Results recorded here for cv. Barnea show it to
be less tolerant to olive strains after 2 months and
then more tolerant at 10 months. The reaction of
this cultivar to inoculation did not result in typi-
cally raised galls. Instead, after 2 months, broad,
flat lesions, slightly raised above the surrounding
epidermis were apparent, and these were scored
according to their diameter. After 10 months, as-
sociated with the expansion of the stems and the
epidermis, these lesions became less obvious and
were generally not recordable as erumpent galls.

Ercolani (1973) proposed that host responses to
pathogenic strains in susceptible (homologous) re-
actions involved a mechanism of independent action,
in which a single bacterial cell could be responsible
for symptom induction, while strains in hypersensi-
tive (heterologous) reactions with their host involved
a mechanism of cooperative action by several cells
in order to induce symptoms. The dose response in
homologous reactions is linear, while that in heter-
ologous reactions is non-linear. The observation here
that low bacterial numbers (>3 cfu) were associated
with symptom induction at each inoculation site, and
the linear dose response curve in cultivars independ-
ent of their reaction suggests that hypersensitive
reactions regulated by avr genes (Gabriel, 1999) do
not play a significant role in differentiating olive cul-
tivar tolerance to P. savastanoi.

Pathogenicity tests show that strains from ol-

ive are not virulent to oleander while oleander
strains are virulent to oleander and at least some
cultivars of olive (Surico et al., 1985; Janse, 1992;
Caponero et al., 1995). By contrast, field isolations
indicate that only olive strains are isolated from
olive, and only oleander strains are isolated from
oleander (Caponero et al., 1995, G. Surico, person-
al communication), suggesting that each strain is
specific to its respective host in the field. The data
here (Tables 1, 2, 3 and 4) and our unpublished
data showed the oleander strains as being less vir-
ulent to olive than the olive strains. A considera-
tion of the plot (Fig. 1) indicates that the oleander
strains produce little reaction in olive. They form
galls consistently smaller than do the olive strains
and, apart from their reactions in cultivars Barnea,
Leccino and Manzanillo, show little tendency to
induce larger galls with increasing inoculum. How-
ever, Caponero et al. (1995) and Surico et al. (1985)
report that, at high inoculum doses, some strains
isolated from oleander were equally or more viru-
lent to olive than strains isolated from olive. These
different reactions reported from pathogenicity
tests and reports of field specificity of olive and ole-
ander strains need to be reconciled.

Sisto and Iacobellis (1999) noted the importance
of identifying varieties of olive tolerant to olive knot
in order to improve both the quantity and quality
of fruit and oil yields. Qualitative studies of knot
tolerance by olive cultivars to bacterial knot have
been reported (Varvaro and Surico, 1978b; Osman
et al., 1980; Benjama et al., 1987; Marcelo et al.,
1999). No olive cultivars are known to be completely
resistant to knot disease (Iacobellis, 2001).

In this study, recording reactions after 2 months
follows earlier studies (Janse, 1982; Sisto et al.,
2001). The experimental data give an indication of
the relative tolerance of olive cultivars to the olive
knot pathogen and is worth taking account of in
choosing cultivars if tolerance to bacterial knot is
shown to be important in some parts of the country.
It cannot yet be determined how climatic conditions
prevailing in different regions in New Zealand will
affect the relative resistance of olive cultivars to ol-
ive knot disease, compared with the same cultivars
growing in a Mediterranean environment. As infor-
mation on the responses of olives to knot is gath-
ered by observation in future years, it may be that
susceptibility to the disease will become an impor-
tant determinant in cultivar selection.
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