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1. INTRODUCTION

1.1 Copper as plant disease control chemical
Copper is an essential micronutrient for both prokaryotes and eukaryotes, and plays an important role
in every biological-biochemical process, acting as a cofactor for many enzymes involved in cellular
respiration and electron transport proteins, and more generally within prosthetic groups of enzymes
involved in redox reactions, due to its three potential oxidation states (Flemming & Trevors, 1989; Cha
& Cooksey, 1991).
However, when in excess copper is very toxic. The mechanisms up to now reported as at the basis of
the antimicrobial properties of copper include its ability to accept and donate an electron, in its cycling
between Cu(I) and Cu(II) oxidation states. Under aerobic conditions and via the Fenton and HaberWeiss reactions, reported below, this redox property enables copper to catalyze the production of
hydroxyl radicals, which are highly reactive with most types of macromolecules, with damages to
lipids, proteins, and nucleic acids, and the direct disruption of nucleic acids and enzyme catalytic sites,
the blocking of the energy transport system, to end with the disruption of the integrity of cell
membranes.

Another important mechanism for copper toxicity has been proposed, that consists in the the disruption
of protein structure, which may occur through interactions with its polypeptide backbone or through
the binding of copper to some of its amino acids (e.g. Cys) (Silveira et al., 2014).
On the other hand, it is just according to this feature that copper has been used throughout the ages as
an antimicrobial. Since ancient Egyptians, copper compounds were used to sterilise chest wounds and
drinking water, and also to treat some common medical diseases of humans. Copper was extensively
used in human medicine to treat a wide variety of bacterial and fungal infections throughout much of
human history, and until the discover and application of antibiotics (Dollwet & Sorenson, 1985). As a
bactericide, copper is still found in several modern-day applications and materials: for instance, it can
be used as an electrolytic ionizer to kill Legionella during disinfection of hospital drinking water (Lin,
Stout & Yu, (2011), and copper surfaces were registered as antimicrobials by the Environmental
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Protection Agency since 2008 (EPA, USA) and used in the manufacture of frequently touched
surfaces, such as door handle, to be installed in healthcare facilities. However, nowadays the most
common use of copper is in agriculture, where copper compounds are worldwide applied as fungicides
and bactericides since 200 years ago, to control fungal and bacterial diseases of plants, both in
conventional and organic agriculture (Flemming& Trevors, 1989; Cha & Cooosey, 1991). While
fungicides no-copper based are available, the control of bacterial diseases of plants still mainly relies
on copper applications, combined with cultural practices. Bacterial diseases of plants cause important
economically losses, can change dramatically natural environment such as forest, and more
importantly they are difficult to eradicate. In fact, disease outbreaks can continue to occur across
several growing seasons, often originating from propagules that have lain dormant over winter
(Wightwick et al., 2010).
Copper is mainly used as a protective measure, to reduce inoculum buildup on plant tissues and thus
minimizing infections. Copper is effective as plant protection compound only if it is present on the
plant surface. Once the copper is applied, generally by spraying, it sticks only where it hits and it is
reported not able to be translocated to a large extent across the plant surface or to move systemically
(Behlau et al., 2010). On the plant surface, when there is water present (from rain, dew or irrigation)
exudates from the plant or spores form weak acids, which lower the pH of this surface water. The
solubility of copper products increase as the pH drops, slowly dissolving to release a small and
constant supply of cupric ions (Cu++) as long as the water remains. The efficacy of copper in plant
protection can be considerably improved by the reducing the particle size of the spray, because more
surface areas are available per gram of product to release copper ions when moisture is present (Hardy
et la., 2007). Copper ions are then picked up by fungal spores or bacteria that come in contact with this
surface water, travelling through the cells walls to eventually disrupt cellular enzyme activity
(Spencer-Phillips et al.,2002; Hardy et al., 2007). Therefore, copper has to be re-applied on plants
more times throughout the year, to protect new plant vegetative growth and also because its protective
effect is reduced over time for the action of rain.
Among the major risks deriving from the regular and long term use of copper for the control of
bacterial diseases of plants, there is the development and spread of bacterial strains resistant to copper.
In fact, some resistance mechanisms were reported to be present in eukaryotes and even more in
prokaryotes, specifically bacteria, to overcome high concentrations of copper. These mechanisms
consist in the presence of efflux pumps and of cellular detoxification processes, although very few
studies are still available to definitely addressed this subject. Concerning bacteria, copper resistance
mechanisms can be intrinsic and also acquired, but always related to the occurrence into the bacterial
genomes of genes encoding resistance to otherwise toxic concentrations of copper. These genes have
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been found in bacteria from human, animal, plant, environment and food samples. They are often
associated with antibiotic-resistance, whose coding genes are also located on those mobile elements of
the bacterial genomes called “plasmids”, easily exchangeable among bacteria. In the agroecosystems,
the development of copper resistant bacterial strains and the spread of their copper-resistance genes are
at the basis of the inevitably disease control failures in the management of disease control with copper
bactericides hampers disease management. The selection of resistant strains increases rapidly in the
phypathogen population, as an evolutionary surviving strategy following the copious copper sprays,
which becomes gradually less effective for disease control.

1.2 Plant diseases caused by Pseudomonas syringae sensu lato
Pseudomonas syringae sensu lato (Ps) is a widespread group of Gram-negative bacteria, rod-shaped
and with polar flagella, causing diseases on many economically important plants worldwide, with
symptoms and damages varying according to the different P. syringae species and pathovars, as well
as the host plant considered (i.e. fruits, vegetables, ornamental and woody plants).
Among the most common symptoms caused by P. syringae species and pathovars, it is worth to
mention:


Flower blast



Dead dormant buds



Necrotic leaf spots



Discolored and or blackened leaf veins and petioles



Spots and blisters on fruit.



Shoot-tip dieback



Stem cankers



Hyperplastic galls and knots

To the P. syringae group belong a wide range of species, organized in over than 50 different pathovars.
All these bacteria are available to researchers as in vitro cultures from international culture collections,
such as the NCPPB, ICMP, and others. Briefly, P. syringae sensu lato tests negative for arginine
dihydrolase and oxidase activity, and some of its species/pathovars are able to form the polymer levan
on sucrose nutrient agar (SNA). Many strains also secrete a lipodepsinonapeptide plant toxin called
“syringomycin”, as well as other no-host specific phytotoxins, such as tabtoxin and phaseolotoxin.
When cultured in vitro on King's B medium, the most part of plant pathogenic P. syringae give yellow
fluorescent colonies under UV light, due to the production of the siderophore “pyoverdin”.
As for all Gram-negative bacterial pathogens, also P. syringae relies on the so called Type III
Secretion System (T3SS), which is a macromolecular machine essential for these bacteria to promote
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disease on their host, by directly injecting specific effector proteins into the cytoplasm of host cells.
This bacterial injecting apparatus consists of a base, spanning the bacterial envelopes, and a needlelike structure (called “T3SS pilus”), that arises from the base and ends with a tip structure, in close
contact with host cell membrane. By T3SS, the bacterium secretes proteic effectors (“T3Es”) through
the pore along the T3SS pilus and into the host cytoplasm. Nearly 60 different T3SS effector families
have been identified in P. syringae species and pathovars, mainly coded by encoded by the so called
hop genes. T3Es contribute to P. syringae pathogenesis and virulence chiefly in two main ways: 1) by
suppressing plant defense; 2) by interacting with specific virulence targets, essential for correct plant
metabolism (Tampaki, 2014). The whole genome sequences of many P. syringae species, pathovars
and strains have been early available at the beginning of the so called “genomic era”. Moreover,
selected P. syringae species and strains cause disease on well-characterized model host plants,
including Arabidopsis thaliana, Nicotiana benthamiana, N. tabacum and Tomato. Therefore, P.
syringae sensu lato has become an important model system for experimental researches aiming to
unveil the molecular dynamics of plant-pathogen interactions.

Following, we will detail several important plant pathogenic bacteria important for Olive, Kiwifruit
and Citrus plants, and the methods traditionally adopted for their control.

1.2.1 Olive - Pseudomonas savastanoi
Pseudomonas savastanoi (Psv) pv. savastanoi and pv. nerii are the phytopathogenic bacteria causing
Olive knot disease wherever this plant is grown worldwide and mainly in Mediterranean countries,
where this crop has been growing for centuries. The pv. nerii is also able to attack Oleander as well,
where it was firstly isolated, and some of its strains are more virulent on Olive than those directly
isolated from this plant. The Psv life cycle is typically epiphytic, that is bacteria can multiply on the
surface of stems and leafs, without causing any symptom on Olive trees (Ercolani, 1978). When
entering plant tissues by any wound, including leaf scars, Psv bacteria begin their pathogenic
endophytic phase. Leaf scars are most susceptible to infection during the first 2 days after leaf fall and
remain susceptible for 7 more days (Teviotdale and Krueger, 2004).
The host invasion by Psv begins with the colonization of the infection site, followed by the
disintegration and breakdown of adjacent plant cells, that results in the formation of a large cavity
around the area colonized by the bacteria. Then the intact cells surrounding Psv dramatically increase
in size and number (i.e. hypertrophy and hyperplasia), following the production of indol-acetic acid
(IAA) by Psv (for a recent review, Ramos et al., 2012). In nature, Psv causes the formation of
hyperplastic spherical knots on the Olive trunk and branches, and less frequently on leaves and fruits
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(Ramos et al., 2012). These knots are round-shaped, with variable size, and a relatively spongy
consistence in the initial steps (Figure 1).

Fig. 1 Typical Olive knot symptoms caused by Pseudomonas savastanoi pv. savastanoi on twigs
(upper left), leaves (upper right), branches (lower left) and fruits (lower right).
Into the hyperplastic knots, Psv remains alive for several seasons. Then, when the humidity is high
enough, exudates are produced with high concentration of bacteria, that can survive on the surface of
stems, leafs and fruits, and which are the source for new infections (for a recent review, Ramos et al.,
2012). The Psv pathogenetic cycle starts generally in spring or autumn, since these are periods of
pruning and falling leaves, causing wounds as main areas for bacterial penetration. For this reason it is
essential to sanitize pruning tools, avoiding pathogen transmission between plants. Incubation period
depends on the infection time, being in spring and beginning of summer from 10 to 40 days. The
disease cycle is summarized in Fig 2. Although Olive has got fewer natural enemies than other crops,
Psv is one of the most damaging. The control of Olive knot disease has to be preventive, since when
the disease has been established, is very difficult remove it. Cultural practices such as pruning are
essential, together with preventive copper treatments, both for reducing epiphytic Psv populations and
for preventing their penetration through plant wounds. Copper applications are strongly recommended
every year when there is a risk of infection, in spring and fall before the rains, after the leaf fall and
specially after hail, wind or other events causing Olive wood injures (Teviotdale and Krueger, 2004,
Quesada et al., 2010).
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Fig. 2 Olive knot disease cycle, caused by Pseudomonas savastanoi pv. savastanoi, here indicated
as red rods (@Bertolini, 2003).

1.2.2 Kiwifruit - Pseudomonas syringae pv. actinidiae
Despite considerable scientific advances in plant protection during the last century, agricultural crops
remain vulnerable to infection by pathogens. The intensive cultivation particularly of clonally
propagated crop plants increases the potential for the emergence and rapid spread of new diseases.
This has been the case for Pseudomonas syringae pv. actinidiae (Psa), a canker-causing pathogen of
Kiwifruit. Psa was first reported on Kiwifruit in Japan in 1989, and then the phytopathogen was
detected in Italy, South Korea and China (Scortichini, 1994). At that time, although the disease was
destructive, the combination between good orchard management, copper treatments (and antibiotics,
where still permitted) was sufficient to control the disease and the spread of the plant pathogen.
However, a new outbreak of the disease occurred in 2008: in this case, Psa spread rapidly throughout
Kiwifruit growing regions of the world (Balestra et al., 2009). Since 2008, in order to determine the
origin, the population structure and the main characteristic features of Psa, several large-scale genome
sequencing project were established and carried out. This was extremely useful to clarify the
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phylogenetic relationships between the different Psa isolates and identify the outbreak-specific gene
sets associated with the aggressive systemic infection strategy exhibited by the Psa virulent strains.
This information is invaluable in the mitigation of devastating Psa outbreaks in the future, by
developing robust long-term solutions for this very economically damaging disease.
Typical Psa disease symptoms consist of brown leaf spots, with chlorotic haloes, brown discoloration
of buds, collapsed fruits, and the characteristic cankers on trunks and twigs, oozing their bacterial
exudates (Figure 3) (Balestra et al., 2009; Mazzaglia et al., 2012; Cameron & Sarojini, 2014).

Fig. 3 Typical Pseudomonas syringae pv. actinidae disease symptoms: leaf spots (a), trunk
cankers and exudates (b) and collapsed fruits (c).

There are no curative treatments for Psa, and all existing treatments are preventive measures. These
include common copper-based agrochemical used as bactericides, disinfectants, and antibiotics where
their use is allowed but not all over EU (Reglinski et al., 2013). Cultural control of Psa depends
greatly on good orchard hygiene practices and vine management. These include removal of
unnecessary growth and clutter within leader zones, minimizing the size and number of wounds,
providing protective cover of wounds and immediate pruning, destruction of any apparently diseased
material, etc. (Balestra et al., 2009). Despite these measures, the disease can still spread from vines
that have recently become infected and have not expressed disease symptoms yet, or from those vines
on which Psa is present as an epiphyte. Therefore, spraying of copper-based agrochemicals is still
considered the best practice in protecting kiwifruits against Psa (Vanneste et al., 2011). The
effectiveness on Psa of commercial copper compounds depends on their formulation and on the
concentration of copper ions (Balestra and Bovo, 2003). Copper bactericides in the presence of lime
would generally produce lower and more uniform concentrations of free copper, which in turn would
be less likely to injure plant tissues (Alloway, 2008).
Another very important variable for the efficacy of the treatments aiming to control Psa is the time
chosen for copper applications. If properly assessed, this will keep the number of sprays to a minimum
while giving the best cover possible, at those times of high risk for Psa infection. Among
recommended treatments there are those at postharvest and at leaf fall, to prevent Psa from entering
LIFE12 ENV/IT/336 AFTER CU Deliverable Action B1
9

the vine through either picking wounds or leaf scars. On the other hand, during summer it is more
important to protect leaves from any natural or man-made wounds caused during harvest. Growers can
utilize the winter period between harvest and flowering to ensure the reduction of bacterium over
winter and thus help to prevent vascular infection. When Psa is confirmed in plants, for cut blocks, a
spray before and after cutting is required. This should be followed up with regular protectant sprays
before major rainfall events and after hail or windstorm (Max et al., 2001).

1.2.3 Citrus - Pseudomonas syringae pv. syringae
Pseudomonas syringae pv. syringae (Pss) is the plant pathogenic bacterium causing disease in Citrus
plants (Figure 4).

Fig. 4 Typical Pseudomonas
syringae pv. syringae disease
symptoms on Citrus fruits
(left) and trees (right).

Some authors consider Pss as a weak pathogen, able to cause disease on Citrus only when the host is
stressed, for example, during tree dormancy, budbreak, freeze damage, and in abnormal soils
conditions, such as soil pH and unbalanced mineral nutrition (Hatting et al., 1989; More, 1988).
As in other fruit trees, rain or dew is essential for inoculum dissemination to other buds and leaves, and
wind makes easier disease development by causing microinjuries on the tree wood surfaces (Cazorla et
al., 2006). Also, warm humid conditions favor Pss diseases, by favoring pathogen’s dissemination.
Sprays of copper compounds are the typical treatments used for the control of Pss diseases on Citrus
and more generally on fruit trees. If too many copper ions are released at one time, damage to fruits
and especially on leaves can result. Therefore, on Citrus careful has to be taken to choose the most
adapt copper formulations, concerning amounts of soluble copper and its solubility. Moreover, timing,
frequency of application, and the rate of copper applied are the other factors to be considered,
particularly for spring and summer applications.
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2. DELIVERABLE ACTION B1

2.1 General experimental procedures for inoculation and pathogenicity trials
The aim of this work was determine the effectiveness of the preventive control treatments with copper
sulfate against the diseases caused by Pseudomonas savastanoi (Psv), P. syringae pv. syringae (Pss)
and P. syringae pv. actinidiae (Psa) on Olive, Citrus and Kiwifruit plants, respectively, as well as to
assess the effects on their pathogenicity. Pilot indoor scale experiments were carried out at CEBAS
CSIS (Kiwifruit, Olive and Citrus), while experimental plots were prepared outdoor at ASTRA srl
(Kiwifruit and Olive) and at Fattoria Soldano (Kiwifruit, Olive and Citrus). To determine which are
the most used copper compounds for the control of phytopathogenic bacteria, phytosanitary services in
Italy and Spain were asked for a suggestion, and copper sulphate was preferred to copper oxycloride
based commercial formulations. As far as CEBAS CSIS pilot indoor inoculations are concerned, 20
plants for each type of crop were placed in greenhouses with controlled conditions, in pots/containers
with a good drainage sandy loam soil. The experimental design is indicated at the following:

Sample

Citrus

Olive

Kiwifruit

Control (-CuSO4; -Kps)

5

5

5

Treatment 1 (-CuSO4;+Kps)

5

5

5

Treatment 2 (+CuSO4; +Kps)

10

10

10

Control, 1 (T1) and 2 (T2) try to show copper sulphate effectiveness vs bacterial infection. Copper
works in a “preventive and by contact” way against Pseudomonas. That is the reason why copper must
be covering the surface of plant before bacterial infection occurs. It acts breaking spores that are laying
on leaves and fruits. For each type of plant, 10 pots were pretreated with CuSO4, at a concentration of
500µM Cu2+/plant.

2.2 Bacterial pathogenicity trials

2.2.1 Plant inoculation
We developed different pathogenicity trials and protocols, according to each bacterium assayed.
2.2.1.1 P. syringae pv. actinidiae and pv. syringae on Kiwifruit and Citrus plants
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Plants were incubated with a 16 h day and 8h night at 25ºC photoperiod. Before artificial inoculation,
plants must be into a sterilize bag, to open the stomata (Figure 5). Later, plants were spraying with
5ml/plant of a Psa or Pss suspension (106 CFU/ml in sterile saline solution, SSS, that is 0.85 g NaCl/
100 ml distilled water). Bacterial suspension was prepared from an overnight bacterial culture, washed
two times with SSS, and dilute in order to get the right concentration (Figure 6 and Figure 7).

Fig. 5 Citrus (right) and
Kiwifruit (left) plants cover
with sterile plastic bags to
promote stomata opening.

Fig. 6 P. syringae pv. actinidae colonies, grown on KB medium on Petri dishes.
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Fig. 7 P. syringae pv. syringae colonies, grown on KB medium on Petri dishes

Later, plants were inoculated by spraying with Pseudomonas spp. suspensions. Control plants were
inoculated with a similar volume of SSS (Figure 8).

Fig. 8 Kiwifruit (left) and Citrus (right) plants after bacterial inoculation (T=0).
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2.2.1.2 P. savastanoi on Olive
The Psv strain used for AFTER CU project belongs to the pv. nerii and it is named Psn23. It was
selected according to its very high virulence on its hosts, both Olive and Oleander. Bacterial
inoculation was done over branches wounds, according two different methods. Firstly, one or more
leaves were eliminated and then the wounds cleaned with alcohol to remove any epiphytic bacterium.
Then the plants were sprayed with a Psv bacterial suspension (106 CFU/ml in SSS). To get this
bacterial concentration, cells were grown overnight in LB medium, removing the cultural filtrate by
centrifugation at 4.500 rpm for 3 min, then resuspending the pellet in SSS to an OD600nm=0.5 (Figure
9). The second method was to make wounds on the Olive stem with a scalpel, then inoculing any
wound with a 5 µl bacterial suspension (OD600nm=0.5). The inoculated wound was then protected with
Parafilm film for at least two days. Controls were inoculated with the same volume of SSS (Figure 10).

Fig. 9 P. savastanoi pv. nerii colonies, grown on KB medium on Petri dishes.
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Fig. 10 P. savastanoi pv. nerii inoculations on Olive stems.
Plants were then observed periodically and the symptoms recorded.

2.2.2 Results of inoculation trials

2.2.2.1 On Kiwifruit
Three months after the beginning of the pathogenicity trial, Kiwifruit plants were as follows and as
shown in Figure 13.
a. 5 Controls (- CuSO4; - Kps) have not developed symptoms.
b. 5 Treatment 1 (- CuSO4;+ Kps): have developed symptoms.
c. 10 Treatment 2 (+ CuSO4; + Kps): have developed symptoms, and 3 plants were dead.

Fig. 13 Pathogenicity trials on Kiwifruit plants after 3 months
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To verify that symptoms on infected plants (T1 and T2) were caused by Psa, samples were taken to be
submitted to the following treatment. A portion of the infected area was taken, washed in SSS for 5
minutes, then in bleach 10% for 1 minute, and washed in sterile water for other 5 minutes. After drying
the stem portions with sterile paper, bacterial isolation was made putting the samples onto Petri dishes
containing the KB medium. The plates were then incubated at 26°C and bacterial growth observed
(Figure 14). The colonies developed were analyzed and identified as Psa, also by performing other
pathogenicity tests using single colonies here isolated.

Fig. 14 P. syringae pv. actinidiae cultures on KB medium from infected Kiwifruit plants.

2.2.2.1 On Citrus
Three months after bacterial inoculations, Citrus plants were as follows and as shown in Figure 15:
a. 5 controls (-CuSO4; -Kps) have not developed symptoms.
b. 5 Treatment 1 (-CuSO4;+Kps): have not developed symptoms.
c. 10 Treatment 2 (+CuSO4; +Kps): five plants developed symptoms.
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Fig. 15 Health lemon tree and a damage leaf.
To verify that symptoms in infected plants T2 were caused by Pss, leaf samples were taken to be
submitted to the same treatment used for Kiwifruit plants infected by Psa, described above.

Fig. 16 Isolation plates on KB medium from Citrus damaged leaves to confirm P. syringae pv.
syringae identity.
Unfortunately, the colonies developed were not identified as P. syringae pv. syringae, and thus the
symptoms occurred on these plants were not caused by this phytopathogen (Figure 16).
2.2.2.1 On Olive
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Three months after bacterial inoculation, Olive plants were as follows and as shown in Figure 17:
a. 5 controls (-CuSO4; -Kps) have not developed symptoms.
b. 5 Treatment 1 (-CuSO4;+Kps) have developed symptoms.
c. 10 Treatment 2 (+CuSO4; +Kps) have developed symptoms.
Knots were developed on stems and twigs following Psv inoculation, irrespectively of copper
treatment and the inoculation method followed.

Fig. 17 Knots caused by P. savastanoi Psn23 inoculation by spraying (left) and by wounding
(right).
Concerning pathogenicity trials and copper treatments carried out at ASTRA srl, the experimental plot
adopted is represented in Figure 18. Tests were carried out on pilot scale for investigations on plants
artificially inoculated with bacteria 7 days after copper treatments. Plants were grown under a plastic
tunnel. Astra tested copper performances on the control of Psa and Psv on Kiwifruit and Olive plants,
respectively: in fact, Citrus is not interesting for Emilia-Romagna region and the climate conditions
aren’t good for its cultivation. A tunnel of 400 square meters has been prepared to receive the Olive
and Kiwifruit trees. Several nurseries have been contacted to find Olive and Kiwifruit plants, and
about 120 Olive plants were bought in Cesena from CRPV (a research center who works on the fruit
crops) and about 110 Kiwifruit plants were bought from a nursery in Cesena. Olive plants were 3 years
old and Kiwifruit plants 1 year old.
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Fig. 19 Experimental plots of inoculation trials on Olive and Kiwifruit plants, treated or not at
two different copper concentrations (100 and 200 µM, at ASTRA srl).

The strategy to use a tunnel instead of an open field orchards was for two main reasons: i) it gave the
opportunity to anticipate the scheduled timing of activities (it has not been simply to find plants of
Kiwifruit with leaves during winter), ii) it is absolutely dangerous to inoculate a very virulent
bacterium such as Psa in open field (Figure 20).

Fig. 20 Plastic tunnel set up for AFTER CU
pathogenicity trials at ASTRA srl.
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Plants were treated by ASTRA srl with two rates of copper sulphate (100 and 200 µ molar solution).
Control plants were not treated and used for comparison. After 7 days from copper treatment, DISPAA
researchers made artificial bacterial inoculations of Psv and Psa by spraying Olive and Kiwifruit,
respectively, and after removing some leaves to create wounds for bacterial penetration (Figure 21).
For the evaluation of the copper treatment efficacy, the plants have been periodically irrigated,
fertilized and cleaned from weeds, and carefully observed to find symptoms appearance. Until now no
visible symptoms were observed on treated plants, at both copper concentration. On the other hand
very few symptoms were observed also on control plants (about 5%). As described in Action C1, on
these plants the structure of the epiphytic communities was also evaluated, to demonstrate the
ecological impact of copper on bacterial populations.

Fig. 21 Bacterial inoculation for AFTER
CU pathogenicity trials performed at
ASTRA srl.

Concerning pathogenicity trials and copper treatments to be carried out at Fattoria Soldano, several
serious meteorological problems were occurring for all the spring season, thus making pathogenicity
trials impossible to be developed in Calabria. Nevertheless, this event did not compromise the
opportunity to carry out Action B1, without any delay.

2.2.3 Quantization of copper on plants after its application
To better understand the effect of the use of copper compounds for the control of bacterial diseases,
quantization of copper was performed as well. Briefly, the total content of copper was determined after
the microwave digestion of the samples with HNO3/H2O2 followed by flow injection – inductively
coupled plasma – mass spectrometry (FI-ICP-MS) analysis, carried out according to the following
parameters.
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Analysis mode

Flow injection

Acquisition time

60 s

Eluent

2% HNO3

Injection volume

60 μL

Analyte ions

63

Internal standard

Cu – 65Cu –

56

Fe – 57Fe – 66Zn

72

Ge

The method adopted has been validated using a certified reference material, as shown in Figure 22.

Fig. 22 Validation of the method here applied for quantization of copper content into plant
material.
This study was carried out on Kiwifruit and Olive leaves, collected at intervals of 7, 15, 30, 45 and 60
days after copper treatment performed at ASTRA srl, with 100 and 200 µmol L-1 copper (Figure 23).
Samples from CEBAS CSIS were not analysed, because of logistic difficulties concerning critical
samples delivery. For comparison and to assess the validity of the method adopted, samples from
Tobacco in vitro plants treated with copper were also examined. FI-ICP-MS analysis was performed
on roots and shoots of tobacco plant untreated and treated with 120, 500 and 1.000 µmol L-1 copper,
included into the medium.
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Fig. 23 Plant samples used to evaluate copper content after its application.

In Tobacco shoots and roots, an increase in copper concentration was observed, according to the
concentration of copper solutions used for the treatment. This increase is more relevant for roots with
respect to shoots (Figure 24 and Figure 25).

Fig. 24 Copper content in shoots of Tobacco in vitro plants treated with different copper
concentrations.

Fig. 25 Copper content in roots of Tobacco in vitro plants treated with different copper
concentrations.
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Conversely none significant differences in copper contents have been observed for Kiwifruit and Olive
leaves (Figure 26). Copper concentrations found in the present work for Kiwifruit and Olive leaves are
in agreement with the known values present in literature.

Fig. 26 Copper content in Kiwifruit and Olive leaves after different interval from copper
treatments.
According to the data obtained during inoculation trials, it was essential to try to understand how much
copper is needed to have an antibacterial effect but no phyotoxicity. To this purpose several
experiments were performed, using in vitro plant model systems.
Olive, Kiwifruit and Tobacco in vitro plants (50 for each species) were aseptically treated with copper
(120 and 200 µM) (Figure 27).

Fig. 27. Aseptic copper treatment and bacterial inoculation of Kiwifruit and Olive in vitro plants
with Psv and Psa, respectively. For comparison Tobacco inoculated with P. syringae pv. tabaci (Pst)
were also used.
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After 2 days, the plants were aseptically inoculated with their specific bacterial pathogen (Psv, Psa and
Pst, on Olive, Kiwifruit and Tobacco, respectively), and incubated in a growth chamber at 24±1 °C,
1500 lux and 16 h light photoperiod. Plants were daily observed and after 15 days the disease severity
and incidence evaluated. The results obtained are directly visualised in Figure 28, Figure 29 and Figure
30, for Tobacco, Kiwifruit and Olive plants.

Fig. 28 Tobacco in vitro plants treated with copper sulphate (120 and 200 µM) and inoculated
with Pst after 2 days from copper application. Control plants were not copper – treated and/or
bacterial inoculated.

Fig. 29 Kiwifruit in vitro plants treated with copper sulphate (120 and 200 µM) and inoculated
with Psa after 2 days from copper application. Control plants were not copper–treated and/or
bacterial inoculated.
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Fig. 30 Olive in vitro plants treated with copper sulphate (120 and 200 µM) and inoculated with
Psv after 2 days from copper application. Control plants were not copper – treated and/or bacterial
inoculated.
The results obtained showed the lowest disease severity on plants treated with 120 µM copper
sulphate, irrespectively of the plant and the bacterium considered. In fact the 200 µM copper sulphate
treatment had per se a high level of phytotoxicity on all the plants species examined, that was going to
increase the severity of the disease caused by each phytopathogenic bacterium. As an example of this
general trend, in Figure 31 the increase in shoots and roots weight of Tobacco treated plants is
reported, compared with the disease severity.

Fig. 31 Copper influence on the interaction
between Pst and N. tabacum in vitro plants treated
with different concentrations of CuSO4. Control
plants were treated with sterile distilled water.

We demonstrated that the failures sometimes observed for certain copper concentrations in controlling
bacterial disease, and conversely in causing phytotoxicity, can be related to the different
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thresholds for copper toxicity, that are higher for bacteria than for plants (Figure 32). As shown in the
results represented in Figure 32, plant pathogenic bacteria can resist/tolerate even copper
concentrations of 1 mM when in minimal medium (resembling apoplast) and 4 mM when in rich
medium (resembling plant surfaces).

Fig. 32 Growth inhibition (expressed as percentage of untreated control) of several plant
pathogenic bacteria belonging to the Pseudomonas syringae group, by different concentration of
copper sulphate added to minimal medium (GM) (on the left) and rich medium (KB) (on the
right).
2.2.4 Monitoring copper stress on plants by evaluating phytohormones content
In order to monitor the stress induced on plants by treatment with copper or any other chemical,
included the anti-infective peptides in the next future, a method to rapidly evaluate plant hormones was
also developed. In fact plant hormones, such as auxins, are strictly related to the plant response to any
biotic and abiotic stress. A fast GC-MS method (12 min runtime) was developed for 3-indole acetic
acid, benzoic acid and salicylic acid determination, based on a single-step aqueous derivatization of
carboxylic acids with triethyloxonium tetrafluoroborate (Et3O+[BF4]−). Et3O+[BF4]− is a water soluble
reagent able to perform ethylation directly in aqueous media and at room temperature.

Fig. 25 Fast GC-MS method developed for quantitative determination of plant hormones.
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3. CONCLUSIONS

Studies about some aspects of the plant host-bacterial pathogen interaction, such as those related to the
molecular aspects or to disease epidemiology, are needed to develop reliable disease control methods
and strategies. The production and use of certified pathogen-free plant material is the most important
preventive measure used to control plant pathogens, in particular those alien and invasive, together
with innovative molecular detection methods for phytopathogens. So far, true resistance of plants to
their pathogenic bacteria is quite uncommon, although sometimes cultivars having significant
differences in their susceptibility to a specific bacterial disease have been observed.
An integrated control would be the ideal approach, combining the use of healthy plant propagation
material, with appropriate and correct cultural practices, and with other preventive treatments, such as
early detection of pathogen’s propagules on and into plants. In this frame, chemical compounds, such
as copper treatments, are used less than in traditional agriculture, but quite regularly in order to get an
effective disease control.
Copper applications are among the most effective chemical practices in protecting plants against
phytopathogenic bacteria belonging to the so called Pseudomonas syringae group. However the
continued use of copper compounds, often more times throughout the year and also for many years in
perennials, may result in many severe ecotoxicological effects, such as soil contamination,
phytotoxicity, heavy negative impact on soil and epiphytic microflora, and the development and spread
of copper- and antibiotic-resistant bacteria in agroecosystems as well.
Therefore, according to many negative effects of existing copper-based chemicals, it is important to
develop new control and environmental friendly molecules against P. syringae group, such as antimicrobial peptides, as potential solution for the management of plant diseases by P. syringae in the
future.
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