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Abstract

Tasmannia lanceolata (native pepper) has been reported as susceptible to Phytophthora cinnamomi and the objective of
this study was to identify variability in native pepper resistance to P. cinnamomi. Plant material was collected from native
pepper populations across Tasmania (four regions) and selected commercially grown cultivars, and 47 clones were suc-
cessfully propagated. Two disease screening experiments were conducted in “soil-free plant growth system” (SPS) units.
Native pepper roots were inoculated with P. cinnamomi zoospores and maintained in controlled conditions. After one
week, the pathogen was re-isolated to confirm infection success, and after two weeks root discolouration was visually
assessed with images, which were then analysed with an automated machine learning system, using colour thresholds.
The SPS was a successful approach to screen the early response of native pepper to P. cinnamomi. Based on pathogen
re-isolation success and total root discolouration percentage, clones were categorised using a susceptibility rating method
across multiple categories from highly resistant to highly susceptible. In the first experiment, all 47 propagated clones
were challenged with one isolate of P. cinnamomi (Pcl), and pathogen re-isolation percentage and total root discolouration
(brown and black) percentage differed significantly with clone (P<0.001). In the second experiment, three representative
clones of experiment 1 were challenged with two isolates of P. cinnamomi (Pcl and Pc2) and clone response was similar.
This study has highlighted that there is a range of responses to P. cinnamomi, from highly susceptible to highly resistant,
in native pepper clones from different regions of Tasmania.

Keywords Native pepper * Phytophthora cinnamomi - Disease resistance

Introduction

Native pepper (Tasmannia lanceolata (Poir.) A.C. Smith),
also known as mountain pepper or Tasmanian pepper berry,
is a species of the Winteraceae family which is endemic to
Tasmania and parts of the SE Australian mainland (Clarke
2012; Cock 2013; Pengelly 2002; Read 1995). The berries
of the plant contain large quantities of polygodial (Cock
2013; Jansen and De Groot 1991; Sultanbawa 2016) and it
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has traditionally been used as a food and medicine, and in
recent decades as a boutique food product or plant extract
(Cock 2013; Sultanbawa 2016). Very few pests and diseases
(bacterial and fungal) have been recorded in 7. lanceolata,
possibly due to its antibacterial and antifungal properties.
However, the species is susceptible to the soil borne oomy-
cete Phytophthora cinnamomi, (Department of Primary
Industries Parks Water and Environment of Tasmania 2018)
which is a major threat to many Australian native plant spe-
cies (Burgess et al. 2017a, 2021). Rotting of fine and fibrous
roots, stem cankers, leaf chlorosis, leaf curl, wilting of the
foliage, dieback of young shoots and necrosis are the com-
mon symptoms of P. cinnamomi infection (Graham et al.
2013; Hardham and Blackman 2018; Jung et al. 2013).

The current market need is for a continuous and a reliable
supply of the berries, however production in native stands
can vary considerably from year to year. Bushfood produc-
ers harvest native pepper from a range of locations to cover
the low yielding fruiting seasons (Wilson 2015). Several
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small operators have established plantations to increase
supply. The potential to utilise this species into the future
relies on both conservation of native stands and successful
cultivation of productive plant material.

The vigour of native pepper individuals can be identi-
fied by visual assessment prior to cultivation (Menary et
al. 1999). Native pepper shows considerable variation in
phenotypes depending on its distribution, and its range of
extract composition is likewise varied. The selection of suit-
able populations of plants and timing of harvest are crucial
aspects of commercialisation of essential oil crops for main-
taining their extract quality (Menary et al. 1999). Success-
ful cultivation relies on selecting plants from an appropriate
provenance and finding sites with low summer temperatures
and high rainfall (Wilson 2015). No native pepper cultivars
or varieties are currently formally registered for commer-
cial production (AgriFutures Australia 2017). However,
some clones have been selected for small scale commercial
production.

Studies of Phytophthora species have shown that the
usual reactions after root or bark infection are a gradual
water uptake reduction, the fast closure of stomata and, as
a result, a decrease in photosynthesis (OBwald et al. 2014).
Sometimes plants can survive with P. cinnamomi infection
for many years without showing disease symptoms (Jung et
al. 2013) and invasive annual species can be asymptomatic
hosts of P. cinnamomi (Crone et al. 2013a). Management of
the pathogen in native vegetation is made more difficult due
to asymptomatic, biotrophic growth in some annual and her-
baceous perennials and the production of a range of survival
structures (Crone et al. 2013b). Phytophthora disease man-
agement in commercial production of susceptible species
can be improved by selecting resistant varieties (Sangchote
et al. 2004).

Resistance to P. cinnamomi is often found among cer-
tain phenotypes within a species, for example Acacia pul-
chella R Br. (family Mimosaceae), Eucalyptus ovata Labill.
(Myrtaceae) (Islam et al. 2017; O’Gara et al. 2005) and
Eucalyptus marginata (Stukely et al. 2007). In Tasmania,
136 native plant species have been recorded as hosts of P,
cinnamomi and 31 species had highly susceptible elements
in field populations (Podger et al. 1990). The families Prote-
aceae, Fabaceae, Xanthorrhoeacae, Dilleniaceae and Erica-
ceae tend to be highly susceptible to Phytophthora dieback
(Cabhill et al. 2008). One of the major conservation threats
for biodiversity in Australia is the introduction and subse-
quent impact of Phytophthora cinnamomi within native
vegetation (Burgess et al. 2017b).

In a recent study of native pepper in a small commer-
cial plantation, 65% of cultivars grown showed symptoms
of dieback and P. cinnamomi was detected at the site (K.
Barry, unpublished). This high level of susceptibility was
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supported by controlled inoculation studies conducted in
glasshouse soil grown plants (K Barry, unpublished). The
cultivars in this plantation were from unknown original loca-
tions and therefore an assessment of variability due to origin
could not be made. To increase knowledge of variability of
resistance to P. cinnamomi in native pepper, screening mate-
rial from a range of geographical locations would be useful.
Screening plant material using artificial inoculation with
a pathogen enables plant responses to be categorised. For
example, Barker and Wardlaw (1995) developed categories
for susceptibility of a range of Tasmanian native plant spe-
cies to P. cinnamomi based on pathogen re-isolation suc-
cess, root discolouration and other symptoms.

Understanding the factors that influence variation in sus-
ceptibility of native pepper cultivars to P. cinnamomi would
support selection of commercial cultivars. In addition, rapid
and reliable screening methods to determine susceptibility
of young plants to P. cinnamomi is required to assist selec-
tion of cultivars. In this paper, we present studies which
address several questions including, (1) Is a soil-free sys-
tem suitable for inoculation and development of infection
in native pepper by P. cinnamomi, (2) Is there evidence of
variability between native pepper clones at early stages of
infection, (3) Is there a relationship between root discol-
ouration and pathogen re-isolation, which would aid rapid
visual assessment of infection, (4) Do clonal properties (e.g.
size, age) show a relationship with infection and root disco-
louration, (5) Do clones from different locations (regions)
show similar results for root discolouration and/or pathogen
re-isolation?

Materials & methods
Plant material

Fresh plant material (healthy stems with foliage) from
approximately 70 individual native pepper plants was
obtained from several regions of Tasmania and from three
commercially grown cultivars, from June-October 2020.
Plant material was obtained from either public land, pri-
vate land with permission, or conservation areas with an
approved permit (Wellington Park Management Trust col-
lection permit). The sex of plant material selected from
native stands was not always possible to determine at the
time of sampling, therefore a mix of male and female cul-
tivars was represented. While the production of native pep-
per relies on female plants (as production of pepper berries
arises only from their flowers), disease resistant males could
potentially be used as rootstocks and were therefore not
excluded from the trial.
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The fresh material from each individual was prepared as
cuttings, as described by Barnes et al. (2000). In brief, the
stem base of cuttings (shoot tips with 1-2 healthy leaves)
were treated with Clonex RED rooting hormone and placed
in a pasteurised seedling mixture. Cuttings were raised in
mist beds at 18-26 °C to encourage root growth and under
a photoperiod of 16 h with natural sunlight, supplemented
with a mixture of fluorescent and incandescent light. Sur-
vival of plants was monitored over several months as the
species is very slow growing. Plants were used in the exper-
iments when they were between 5 and 9 months old, after
the root system was well-established. Details of the clones
that were used for screening experiments are provided in
Table S1.

Phytophthora cinnamomi isolation and culture

Isolation of P. cinnamomi was achieved from soil samples
with a lupin baiting technique (Eden et al. 2000; Horticul-
ture Innovation Australia 2016), as lupins (Lupinus angusti-
folius) are highly susceptible to P. cinnamomi. In brief, lupin
seeds were sterilised by soaking in 1% bleach solution for
1 min, then rinsed and soaked in sterile water for 40 min.
Pre-germination of the sterile water-soaked lupin seeds was
carried out in sterile vermiculite at room temperature. Bait-
ing of soil used lupin seedlings which had roots that were
no longer than 2 cm. Seedlings were planted in clear plastic
cups (250 ml) which contained the fresh soil (approximately
3 c¢cm depth) and enough sterile water to enable contact with
the lupin radicles. All the soil samples were baited in tripli-
cate cups, with four lupins per cup. A control sample with-
out any soil was used in addition to the soil samples. Lupin
symptoms were noted at two days intervals, and at the end
of six days all the seedlings were weighed, and symptoms
were noted for each lupin seedling.

A selective medium, NARPH (17 g Oxoid cornmeal agar,
1 mL nystatin, 100 mg ampicillin sodium, 10 mg rifampi-
cin 100 mg PCNB and 50 mg hymexazol per L deionised
water) was used for the isolation of P. cinnamomi from the
lupin roots (Hiiberli et al. 2000). Diseased roots with visible
symptoms were plated on NARPH medium. These NARPH
plates were incubated in the dark at 24 °C for three days.
At the end of three days, plates were checked for pathogen
growth and the well grown cultures were sub-cultured on
NARPH medium to produce pure cultures.

A fresh culture of P. cinnamomi was isolated from soil
of a small commercial native pepper plantation in south-
ern Tasmania and named as P. cinnamomi isolate 1 (Pcl).
Another fresh culture of P. cinnamomi was isolated from
soil of native forest in northern Tasmania (Mathinna Plains)
and named as P. cinnamomi isolate 2 (Pc2). The purity,
identity and mating type of P. cinnamomi cultures were

confirmed by morphological features, growth on NARPH
selective medium and PCR analysis with ITS sequencing
and with P. cinnamomi species specific Ycin3F & Ycind4R
primers (Schena et al. 2007). Both isolates were determined
to be the A2 mating strain, with the use of reference (Al
& A2 mating strains) cultures. Genbank accession numbers
were created for Pcl (OR047869) and Pc2 (OR047870) for
future reference.

Experimental design

Experiments were designed to explore the plant-pathogen
interaction between P. cinnamomi and native pepper. The
first experiment involved screening a large number (47)
of propagated clones and examining infection within two
weeks post-inoculation, while the second experiment was
focussed only on three representative clones.

Both experiments were conducted in “soil-free plant
growth system” (SPS) units (Gunning and Cahill 2009).
Native pepper plants, raised in mist beds, were collected
and rinsed with sterile water to remove all soil particles,
then roots were surface sterilised in 70% alcohol for 10 s.
Each SPS unit had four vertical trays and four native pepper
plants could be positioned in each tray. For each clone, four
plants were held in an “inoculated” SPS unit, and another
four plants were held in a “control” unit. For each SPS unit,
four lupin seedlings were held in one vertical tray. The base
of each SPS unit was filled with 1 L of sterile water and 20
mL of nutrient solution (nutrient solution consists of 5.625
mL of KNO; 5.625 mL of Ca (NO;),.4H,0, 2.25 mL of
MgSO, 1.125 mL of KH,PO, 2.25 mL of Micronutrients,
2.25 mL of Iron Chelate, 1.24 g of CaCl, for 500 mL ster-
ile water). Filter paper held vertically in each tray enabled
moisture to wick upwards and keep plants moist. The SPS
units were all housed within a single temperature-controlled
growth cabinet with temperature maintained at 21 °C and
16/8 h light/dark photoperiod.

Experiment 1-inoculation of clones with isolate Pc1

Of the 70 clones collected, 47 exhibited strong enough
growth with enough replicates to use in the first experiment,
and they were used in two trials of 24 and 23 clones sepa-
rately. Both trials were conducted identically and 2 weeks
apart in time. Plants were established in the SPS units for
24 h prior to being removed briefly for direct inoculation
with fresh zoospores of the Pcl isolate. In order to inoculate
the roots of native pepper clones, P. cinnamomi zoospores
were produced by subculturing the mycelium from NARPH
medium to V8 agar medium in accordance with the method
described by Allardyce (2011) and Islam (2017). P. cinna-
momi zoospores were counted with a haemocytometer and
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adjusted to the density of 1 x 10° zoospores/mL and applied
to all roots of all plants in the inoculation units. The roots
were inoculated with 3—5 sequential 20 pL drops 1 cm apart
commencing from the tip of all plants. For the control (not
inoculated) treatment, 20 pL drops of sterile water were
applied to all roots of all plants similarly. After inoculation
the plants were returned to the SPS units and growth cabinet.

For each plant, either control (C) or inoculated (1), the
same sampling method was followed. For assessment of
infection and re-isolation of the pathogen, at seven days
post-inoculation(dpi) three root tips of each plant were
excised, surface sterilised by 70% ethanol and then plated
onto NARPH medium. After this root sampling, plants were
returned to the SPS units. Plates were incubated and fungal
growth monitored. Roots not excised as above, were moni-
tored for visual symptoms of root disease over a 2-weeks
period. The health of shoots was also monitored. Successful
inoculation and infection were confirmed via observation of
symptoms on simultaneously inoculated lupin roots and re-
isolation of the pathogen on NARPH medium from native
pepper roots.

The experiment was concluded at 14 dpi. Each plant
was removed from the SPS unit and photographed under
the same light conditions. In brief, colour thresholds were
first determined by visual assessment. For infected roots,
the first symptoms observed were light brown discoloura-
tion, which then turned to dark brown and black. In this
study we combined colouration from light brown to black
to report as total root discolouration. IMAGEJ (National
Institute of Health, New York, NY, USA) software was used
to determine colour thresholds and then root discolouration
percentage of the roots of all plants was computed by an
automated machine learning system.

After the experiment concluded, the plants were divided
into different tissues (leaves, stem, and roots), placed in
paper bags, and dried at 60 °C until a constant weight was
achieved. Dry weight of each plant tissue was determined.
As plants had only been infected for two weeks, we did not
anticipate the inoculation would impact dry weight. The
decision to determine dry weight after the trial was due to it
requiring destructive sampling. Dry weight was considered
the best objective measure of plant size given growth from
cuttings is variable in structure.

The pathogen re-isolation results and root discolouration
symptoms were used to categorise the clones into suscepti-
ble or resistant categories, following adaptation of a method
used by Barker and Wardlaw (1995). The ratings used were:
(1) Highly Resistant (HR)-Clones with 0% pathogen re-iso-
lation success and less than 20% total root discolouration;
(2) Moderately Resistant (MR)-Clones with 0% pathogen
re-isolation success and more than 20% total root discol-
ouration; (3) Slightly Resistant (SR)-Clones with variable
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pathogen re-isolation success (average which is >0% and
<100%) and less than less than 20% total root discolou-
ration; (4) Slightly Susceptible (SS)-Clones with variable
pathogen re-isolation success (average which is > 0% and
<100%) and more than 20% total root discolouration; (5)
Moderately Susceptible (MS)-Clones with 100% pathogen
re-isolation success and less than 20% total root discol-
ouration; (6) Highly Susceptible (HS)-Clones with 100%
pathogen re-isolation success and more than 20% total root
discolouration.

Experiment 2-inoculation of selected clones with
isolates Pc1 and Pc2

Experiment 2 was conducted to confirm the responses of a
selected number of clones to two different Pc isolates. Clone
17, 36 (East and North-East regions respectively, highly
susceptible in experiment 1) and 45 (southern region, highly
resistant in experiment 1) were used in the experiment. This
was conducted in a similar way to experiment 1 in SPS
units, with the use of lupin positive controls and inoculation
with a zoospore solution. Four plants of each clone were
challenged with each isolate (Pcl and Pc2) of P. cinnamomi
and four plants of each clone were used as controls. Re-iso-
lation of the pathogen was attempted from inoculated and
control roots harvested at seven dpi, but more root lengths
were used for this experiment (1, 3, 5 and 7 cm above the
root tip), then plated on NARPH medium. At 14 dpi plants
were removed from the SPS unit, and root discolouration
was visually assessed.

Statistical analysis of data

Statistical analysis was conducted using IBM SPSS soft-
ware (IBM Corp, v27, Armonk, NY, USA). Two-way
ANOVA was performed on each variable to test the effect of
factors (i.e. clone, inoculation treatment and clone X inoc-
ulation treatment interaction) and P values less than 0.05
indicated statistical significance. Correlation between two
variables was determined by calculating the Pearson Cor-
relation Coefficient.

Results

Experiment 1

Pathogen re-isolation

In the first experiment with 47 clones and one isolate of P,

cinnamomi, the pathogen was not isolated from any control
plants. However, it was consistently re-isolated from all the
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Table 1 Allocation of native pepper clones to categories based on

pathogen re-isolation success and total root discolouration percentage

Category NW  East South NE Com-
Tas Tas Tas Tas  mercial

Highly Resistant (HR) 11 19, 29,30, 37, 35

0% pathogen re-isolation 25, 31,43, 41,

< 20% total root 26, 45,47 42

discolouration 27

Moderately Resistant 3 24
(MR)

0% pathogen re-isolation

> 20% total root

discolouration

Slightly Resistant (SR) 46 33
> 0% and < 100%

re-isolation

< 20% total root

discolouration

Slightly Susceptible (SS) 4,5, 18, 44 34
> 0% and < 100% 6,7, 20,
8,9
1
1

re-isolation s 21
> 20% total root 0, 22,
discolouration 5 23
Moderately Susceptible 38,
MS) 39,
100% pathogen 40
re-isolation

< 20% total root

discolouration

Highly Susceptible (HS) 1,2, 16,17 28,32 36
100% pathogen 12,

re-isolation 13,

> 20% total root 14

discolouration

inoculated lupin plants, which indicated that the zoospores
were infective. From inoculated native pepper plants, the
pathogen could not be re-isolated from roots of 17 clones,
while it was re-isolated from all root samples of plants of
13 clones, and results were variable for the remaining 17
clones (Table 1). Pathogen re-isolation percentage differed

significantly by clone (P<0.001), inoculation treatment
(P<0.001), and the clone x treatment interaction (P < 0.001).

Symptoms development and root discolouration

Dark discolouration was found more often in the roots of
inoculated plants compared to control plants (Fig. 1). Total
root discolouration percentage (brown and black) differed
significantly by clone (P <0.001), treatment (P < 0.001), and
the clone x treatment interaction (P <0.001). Similarly, root
discolouration percentage (black only) differed significantly
by clone (P<0.001), treatment (P <0.001), and the clone x
treatment interaction (P<0.001).

There was a large range in percentage root discoloura-
tion of both inoculated and control native pepper plants. For
inoculated plants the highest percentage of total root dis-
colouration was 70% (clone 5, 69.8%) and the lowest was
8% (clone 41, 7.6%). About three-quarters of all clones (35
clones) had higher total root discolouration percentage in
inoculated compared to control plants. In the other 12 clones,
which included one commercially grown, five from the NE
region and six from the Southern region, discolouration was
lower in the inoculated roots than controls (Fig. 2a).

When examining black only discolouration, similar
trends were found to total discolouration (Fig. 2b). For
inoculated plants, the highest percentage of black only root
discolouration was almost 40% (38.9%, clone 5) while the
lowest was around 1% (1.2%, clone 41). As above, about
three-quarters of all clones had higher black only root dis-
colouration percentage in inoculated compared to control
plants except in 11 clones, which included five from the NE
region and six from the Southern region (Fig. 2b). There
was no significant effect of region on total root discoloura-
tion percentage (Figure S1).

In addition to discolouration, other symptoms were
observed in some inoculated plants such as water soaking,

Fig. 1 a. Control native pepper
roots after 2 weeks in the SPS

b. P. cinnamomi infected native
pepper roots after 2 weeks in the
SPS
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Fig. 2 Difference of average root discolouration percentage in P. cin-
namomi inoculated (I) and control (C) plants, per native pepper clone,
categorised by source of clone origin (1-NW Tasmania, 2-Eastern
Tasmania, 3-Commercial plantation, 4-NE Tasmania, 5-Southern
Tasmania). a) total (brown and black) discolouration, b) black disco-
louration. NB. As data points are the difference between averages, no
variability of replicates(n=4) within clones is shown

wilting in shoots, termination of root growth and tissue
necrosis. Death of the whole plant was visible in one inocu-
lated plant of clone 5 and 24, and in two inoculated plants
of clone 10.

Resistance categories

Based on the results of pathogen re-isolation success and
total root discolouration percentage, clones from different
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source of clone origin (1-NW Tasmania, 2-Eastern Tasmania, 3-Com-
mercial plantation, 4-NE Tasmania, 5-Southern Tasmania)

regions were allocated across multiple resistance categories,
and at least one clone from each region was allocated to the
highly resistant category (Table 1).

Clone size

To determine if clone vigour (based on size at the time of
the experiments) had any influence on experimental results,
dry weight of plant tissues was determined after the experi-
ment. As expected, dry weight of all tissues (leaves, stem,
and roots) differed significantly with clone (P<0.001), but
not with inoculation treatment (P> 0.05). There was no sig-
nificant effect of region on dry weight of each plant (Fig. 3).

Relationship between variables

Clonal material was 5-9 months old at the time of the exper-
iment (Table S1), however, there was no significant effect
of clone age on pathogen re-isolation percentage. Also,
there was no significant effect of clone age on total root
discolouration percentage (Fig. 4). There was no significant
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relationship between total root discolouration percentage
and pathogen re-isolation percentage (Fig. 5).

In this study, there was a significant (P=0.000) and posi-
tive correlation between total root discolouration percentage
and total dry mass for both the control plants and inoculated
plants. However, the strength of the correlation was greater
for the inoculated plants (r=0.622) than for the controls
(r=0.264).

Experiment 2

Pathogen re-isolation from plant roots in experiment 2 led to
the same results as experiment 1, for both Pc1 and Pc2. That
is 0% pathogen re-isolation success was detected for clone
45, while 100% pathogen re-isolation success was detected
for clone 17 and 36. P. cinnamomi was detected in all root
sections from the root tip to x 7 cm of its length, in clone 17
and 36. The pathogen was consistently isolated from inocu-
lated lupin plants and never from the non-inoculated native
pepper controls.

Root discolouration was mostly consistent from tip to
the top of each inoculated root. Some root lengths were not
discoloured along the whole length examined; however, the
pathogen could still be re-isolated.

Discussion
Evidence of disease resistance

In this study of native pepper with early symptoms (two
weeks post-inoculation), we detected considerable variation
in pathogen re-isolation success and total root discoloura-
tion percentage among control and inoculated plants. Within
clones propagated from plant material collected from dif-
ferent regions in Tasmania, clones were placed in several
categories, from highly resistant to highly susceptible. Cer-
tain clones from all regions displayed some resistance to P
cinnamomi and we observed highly resistant clones in all
regions.

Disease expression is dependent on the environmental
conditions. Due to lack of visibility of disease symptoms
in the field, confirmation of the level of resistance may be
challenging. Allardyce et al. (2012) explained a method
to assess plant resistance/susceptibility on P. cinnamomi
infection using parameters such as plant fresh weight, root
length, root lesion length, extent of pathogen colonisation
and leaf chlorophyll content. The challenge is to accurately
define at what point the resistance-susceptibility continuum
the plants’ response to infection occurs (Shearer et al. 2007).

Podger and Brown (1989) defined a five-class classifica-
tion scale of the relative response of fifty-four taxa of higher
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plants populations to the presence of P. cinnamomi using
controlled and field trials. “Resistant” was species in which
individuals showed no or only slight symptoms of infec-
tion while “Highly Susceptible” was species in which there
appeared to be no resistant element in the populations, and
which were eliminated in one to three years of first infection.

Barker and Wardlaw (1995) outlined a P, cinnamomi sus-
ceptibility rating for different plant species based on patho-
gen re-isolation success and root discolouration. “Resistant”
was species in which individuals showed no symptoms and
from which P. cinnamomi was not isolated. “Resistant host”
included plants for which the pathogen was isolated but there
were no symptoms. Susceptibility to P. cinnamomi has also
been evaluated with disease progress curves; as conducted
by Shearer et al. (2007) to assess susceptibility of species
in the South-West botanical province of Western Australia.
To analyse disease progress, a logistic model was used as it
described numerous observed disease progress curves.

A previous study found that P. cinnamomi was isolated
from 61% native pepper plants (out of plants tested) in a
disturbed rainforest (Podger and Brown 1989). According
to the results of experiment 1 of this study, 28 (60%) of 47
clones were susceptible. Therefore, the selection of clones
we used appears to represent a natural population in terms
of infection rate.

Use of soil-free system to study native pepper - P.
cinnamomi pathosystem

The SPS units were initially developed for root disease stud-
ies of plants with simple root systems, such as cereals and
grasses (Gunning and Cabhill 2009; Islam et al. 2017). This
system provides easy access to the root system to visualise
root and pathogen interactions without involvement of soil
or other adhering particulate matter. Therefore, the system
is ideal for studies of pathogens that colonize the primary
tissues of young roots (Gunning and Cahill 2009).

Native pepper is slow growing and survival rates from
propagated material is low. However, when plants were
handled carefully, they were able to survive in the SPS units
for several weeks. The soil-free system enabled zoospores to
be applied in a consistent way, directly to plant roots. It also
allowed easy access to roots for sampling, without the need
to wash away soil for pathogen re-isolation or assessment of
root discolouration. P. cinnamomi could be re-isolated from
roots within seven days of inoculation, which highlights that
infection is relatively rapid. Additionally, significant differ-
ences in root discolouration were detected within 14 days,
highlighting that the SPS system is a valid method for the
early screening of infection in native pepper.

This system has also been used for young plants of woody
species, such as pineapple (Lu et al. 2019) and therefore the
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system is likely to be useful for a range of woody plants.
Aeroponics systems have been used successfully to study
infection development of P. cinnamomi (Groves et al. 2015)
on woody perennials such as E. marginata (Burgess et al.
1998; Jackson et al. 2000). An aeroponics system could also
be explored in future trials on native pepper, but we suspect
the species requires greater amount of free water to survive.

As above, there are several advantages of conducting the
screening trials in the SPS system, however, the responses
illustrated under the controlled conditions do not represent
field conditions and would have to be tested with growth
of the plants in field trials. Therefore, these early screening
results would need to be validated to indicate the practical
use of the results for clone selection. Also, in field condi-
tions the inoculum concentration would likely be lower
and may lead to less infection. However, understanding
the innate level of resistance that a species can exhibit is
required prior to evaluating other influences (Islam et al.
2017), and susceptibility levels to P. cinnamomi in a shade
house environment following soil inoculation was similar to
that recorded in disease centres in natural environments and
therefore represents a realistic assessment of host response
to the pathogen (Shearer et al. 2007).

Variation between native pepper clones

Based on the results shown in Table 1, there were some
regional trends, suggesting NW clones were generally more
susceptible, while the Southern clones were less susceptible,
and East, NE and commercially sourced clones had a range
of resistant and susceptible clones. Infection and mortality
commenced across clones from different age classes (within
the 5-9 months range). Age differences of clonal material
from these different regions may have confounded results to
some extent-that is, the oldest plants in the study were from
the NW region and the youngest from the South region.
Increased resistance with plant age has been found for
different Phytophthora species and agriculture host patho-
systems (Lazarovits et al. 1981) but the trend does not seem
to be as clear in native Australian plants infected with P.
cinnamomi (Shearer et al. 2007). Eucalyptus seedlings in
Western Australian nurseries are susceptible to P. cinna-
momi at all life stages tested, however the mortality rates
have been found to decline with the plant age (Simamora
et al. 2017). Susceptibility of Banksia species was similar
to P. cinnamomi in 2-3 weeks old and 10 months old seed-
lings (Tynan et al. 1998) and in 1-2 years old seedlings and
6 years old saplings of Eucalyptus marginata (Stukely and
Crane 1994). Native pepper clones from the Southern region
were the youngest when included in experiment 1 of this
study, and most of these were categorised as highly resis-
tant. The outcome of the interactions between the pathogen
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and individual plants may depend on both growth rates of
the pathogen and the speed of the host response to infection.

According to a study of silver birch (Betula pendula)
seedling roots, there was a smaller number of root segments
in inoculated compared to control seedlings, suggesting root
loss after Phytophthora inoculation (Hamberg et al. 2021).
In a study of Fagus sylvatica seedlings infected with the root
pathogen Phytophthora citricola, results showed a higher
shoot and root dry weight in inoculated compared to con-
trol seedlings. This was speculated to be due to increased
concentration of Phytophthora hyphae in the plant tissues
(Portz et al. 2011). However, in this present study there
was not a significant difference in dry weight of leaf, stem
or root tissues compared to inoculated and control plants,
except the clonal difference of dry weight.

Due to the potential for variation in pathogenicity among
P. cinnamomi isolates, usage of more than one virulent iso-
late for testing host susceptibility is necessary (Dudzinski et
al. 1993; Shearer et al. 2007). Weste (1975), for example,
examined two Australian P, cinnamomi isolates, one each of
the A1 and A2 mating strains and found variations in their
pathogenicity to Nothofagus cunninghamii seedlings. It is
worth noting, however, that for the present study it is only
the A2 isolate that is found in Tasmania. Dudzinski et al.
(1993) suggested that pathogenicity is a relatively stable
characteristic and detection of variation in susceptibility to
P cinnamomi between selected E. marginata clones was
affected by the pathogenicity of isolates. Their study con-
firmed that variation in pathogenicity within Australian pop-
ulations of P. cinnamomi must be considered while selecting
isolates for testing for resistance in trees and other woody
hosts, however, they found no recognisable differences
in pathogenicity of their isolates, against the host species
tested. The three native pepper clones assessed in experi-
ment 2 of this study responded similarly with two different
Pc isolates, and therefore there was not any difficulty in cat-
egorising resistant and susceptible native pepper varieties.

Conclusion

The SPS design was a successful approach to screen the
early responses of native pepper to infection by P. cinna-
momi. There were differences in infection severity of indi-
vidual clones. There was a range of responses to infection
for clones from each region, and no region from which
clones were derived was more or less likely to be associ-
ated with resistance versus susceptibility. This finding is
important for both plant selection for production, and for
conservation, as certain cloned plants from all regions dis-
played some resistance to P. cinnamomi. It is clear from our
study that resistance of native pepper to P. cinnamomi is not

necessarily related to one factor such as location of origin,
age, or clone size. Methods used in this study could be used
as a model approach to select native plants for commercial
improvement and to produce plants which are most resistant
to P. cinnamomi for commercial and conservation purposes.
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