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Introduction
The guidelines of the European 10-year strategy "Europe 2020" proposed by the European
Commission, and the document on the Common Agricultural Policy (CAP) "The CAP towards 2020”
both recognize agriculture as a strategic sector for Europe. Agriculture is considered to be able to
successfully contribute to generate european economic growth by increasing the context of food
security, through the application of standards of quality and safety of products that have to be high,
uniform, and that they can competitively satisfy on a global scale the expectations of the internal
market and outside Europe.
Still according to "The CAP towards 2020”, the future success of modern agriculture in Europe is
envisaged to respect a model of sustainable development, where issues such as food safety,
traceability and quality of products are transversely integrated with other essential issues, such as
environmental protection and protection of natural resources, as well as of rural areas, while
respecting their populations and human resources. Furthermore, this new model of development for
agriculture can not be separated from the other problems of agrifood production resulting from
climate changes, which are taking place globally. A close relationship exists between all these issues
and the management and control of plant diseases, for which the development and introduction of
innovative control strategies are urgently needed in order to reduce the use of synthetic pesticides,
while maintaining unaltered income and production, as also required by the most recent European
legislation on this matter.
In this context, the 12nd of July 2006 the European Commission adopted the Communication
"Thematic Strategy on the Sustainable Use of Pesticides", for a proposal of a Directive that would
establish a framework for a common european action on the sustainable use of pesticides, and which
was accepted by the European Parliament in 2007. This thematic strategy proposes a series of
measures designed to reduce the impact of compounds used in plant protection on health human and
on the environment, while ensuring productivity. The reduction of those harmful plant protection
synthetic molecules by replacing with alternative and effective compounds is among the strategies
envisaged for the achievement of this goal. The copper compounds, used from about 150 years as
fungicides and bactericides in the control of plant diseases, are among those pesticides whose
reduction was planned in the present European legislation, both in terms of number of formulations
allowed and of the amounts applied annual into the fields, in organic agriculture as well.
To attain these objectives, the European Union has promoted several measures to foster innovative
research on plant protection compounds and pesticides, besides promoting actions concerning the
monitoring of their testing, as well as information and training of users when their effectiveness in
crop protection was demonstrated.
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The history of copper in plant protection
The use of copper as antimicrobial dates back to the Egyptians, but it was at the end of the 18thcentury
that cupric salts have been used for the first time in the control of plant diseases, in particular against
the causal agent of common bunt of wheat. It is worth to notice that the existence of infectious agents
was conclusively demonstrated and accepted just from the middle of the next century, in plant
pathology as well. In the late 1800, the French botanist and ampelographer Alexis Millardet assessed
the fungicidal properties of a mixture of copper sulphate, lime and water, able to control downy
mildew of grapevine, which was later called as "Bordeaux mixture" being this discovery been made
in the province of Bordeaux. Initially used in the vineyards, Bordeaux mixture became very quickly
the first fungicide used worldwide in the plant protection. It was only later that Bordeaux mixture
was proved to be effective also against plant pathogenic bacteria. The fungicidal and bactericidal
activity of the Bordeaux mixture, as well as of other copper-based compounds, is not specific. Its
action is based on the toxicity of copper ion Cu2+ which, when absorbed by the fungus or bacterium,
binds to several chemically different groups of structural or enzymatic proteins, causing their
denaturation and thus blocking their functionality. The concentration of copper ions Cu2+ potentially
bioactive as antimicrobials depends on the solubilization of the cupric compound used, as well as on
the physical-chemical conditions encountered on plant surfaces after the treatment. In general terms,
under acidic conditions the cupric compound has a high and rapid bioactivity but it is not very
persistent/stable. Conversely copper-based compounds are more persistent under alkaline conditions,
although less effective. Accordingly, the evolution of Bordeaux mixture has been driven by the need
to optimize those thermodynamic and kinetic factors which regulate both the production and the
release of copper ions Cu2+. Until the 60's, Bordeaux mixture was manufactured directly by the
farmers, while many industrial copper-based formulations were subsequently set up and produced,
aiming to reduce the amount of active Cu2+ per hectare but with the same phytoiatric effectiveness.
The adhesion, the persistence on the plant, and the resistance to water washout of all copper
compounds has been gradually improved, as well their covering properties. Basically, copper-based
industrial formulations are required to guarantee more bioavailable and persistent copper, so to obtain
a constant release of copper ions Cu2+, at low concentrations in the single time unit, and not affected
by any variation occurring in the environmental conditions on the plant surfaces.
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Copper in plant protection: issues and current European legislation

In Europe, crop protection from pathogenic fungi and bacteria still mainly relies on the use of copperbased products. Copper use is allowed also in organic agriculture by the European Regulation, with
formulated such as copper hydroxide, copper oxychloride, tribasic copper sulfate, etc.). The rules
governing to the evaluation, approval, marketing and monitor of the use of plant protection products
in the European Union is still essentially based on the Directive 91/414CEE. And this Directive was
pivotal to start the harmonization process on this matter among EU Member States. In 2002, the
European Commission has started work on "The Thematic Strategy on the Sustainable Use of
Pesticides". In the same year, the Regulation No. 473/2002 was adopted, and thus a legislative process
for the reduction of the copper use in plant protection began, also in EU Member States. The Thematic
Strategy on the Sustainable use of Pesticides was adopted by the European Commission in 2006. Few
years later, with the Directive 2009/128/CE, minimum standards on the use of pesticides have been
drafted to be applied all over EU, in order to reduce the risks to human health and to the environment
arising from their use. Currently, no more than 6 kg of copper per hectare per year can be used for
plant protection in organic agriculture (Reg. CE 889/2008), and even more restritive rules can also be
applied by each EU Member State, according to its legislation on plant disease protection. In addition,
particular exemptions from this limit have been foreseen, especially for copper-based treatments of
perennial crops. Similar restrictions became necessary when the negative ecotoxicological effects of
copper use in plant protection was evident, despite its many advantages in agriculture. Copper
accumulates into the soil, according to its intrinsic chemical nature, as a result of constant and
repeated treatments in agriculture. It is unaffected by any form of degradation, and its presence into
the soil is variable according to phenomena such as such as leaching, runoff and uptake by
microrganisms and plants.
When in excess into the soils, such as occurring in acid environments, copper has been demonstrated
toxic to the microflora, which is known to be essential for the biological soil fertility, as well as the
soil fauna. At high concentrations, copper has been shown to cause damage to auxiliaries, such as
beetles, lacewings, wasps, mites and predatory mites. Furthermore, at high concentrations as often
found in agroecosystems, copper is phytotoxic to most plant species, with damages occurring on the
leaves with redness, chlorosis, necrosis, stunting and early fall, with desiccation of buds, with
suberized and necrotic areas on the fruits, and with a marked pollinecida action. This damage is more
pronounced when treatments with copper compounds are applied on the wet vegetation.
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The most phytotoxic compounds are those based on hydroxide and copper sulphate, while the oxides
are less phytotoxic. Although in agriculture some measures can be adopted to remedy at least in part
to this phytotoxic effects of the copper, the environmental and toxicological risks deriving from its
constant use in plant protection justify the efforts towards its reduction in the use. Lastly, though not
less important, another important side effect deriving from repeated applications of copper-based
fungicides and bactericides is the development of resistance phenomena in plant pathogens, with a
decrease of its effectiveness in plant disease control. Moreover, for a cross-resistance phenomenon,
the copper determines also an alarming increase in the percentage of bacteria resistant to several
antibiotics in the microflora of agro-ecosystems. This creates a sort of reservoir of antibiotic
resistance genes, which are generally plasmid-borne and so they could be easily transferred by
conjugation also to pathogenic bacteria for human and animals, thus making ineffective the
prophylactic and therapeutic use of antibiotics in human and veterinary medicine.
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The bacterial diseases of plants and their control
Bacteria are prokaryotic unicellular organisms, having asexual reproduction by binary fission.
Although most bacteria are harmless or often beneficial, several are pathogenic, that means able to
cause disease. Among pathogenic bacteria there are alos those causal agents of diseases of plants.
The first plant pathogenic bacteria have been identified at the end of the 19th century, with Erwinia
amylovora, the causal agent of fire blight affecting over 130 plant species in the Rosaceae family
(Burrill, 1878), and Pseudomonas savastanoi, the causal agent of olive knot disease (Savastano, 18861889). Today, about 1,600 bacterial species are known, of which about 300 are plant pathogenic.
Many phytopathogenic bacteria live for most part of their cycle associated with plant surfaces, both
in the phyllosphere and in the rhizosphere, without causing any damage and symptoms. Their
pathogenicity is expressed in their endophytic stage, when they multiply and colonize the intercellular
spaces or even the vascular elements of their host plant. Unable to penetrate actively into plants,
neither by mechanical action nor enzymatic, the bacteria infect their hosts taking advantage of the
presence of both accidental injuries (e.g. pruning cuts, frost damages, and also leaf scars) and natural
openings (e.g. stomata, lenticels, hydathodes, stigmas). Less frequently, they are directly transmitted
into plants by insect vectors. The most common primary inoculum sources are infected plant debris
and bark cankers. A considerable importance have also asymptomatically infected seeds and
propagation materials often, and rarely infected pollen. Dissemination of secondary inoculum can be
by means of abiotic (e.g. water, irrigation, rain, wind, and infected instruments as well) and biotic
agents (e.g. insects, nematodes, birds). Among them, a humans very often play a decisive role.
Although bacterial diseases of plants are not as common as those caused by viruses and fungi,
phytopathogenic bacteria can be are classified into very high risk categories anyway, according to
parameters such as their ability to cause disease often irrespective of the the presence of predisposing
factors, the severity of the disease in terms of lethality and reduction of agroforestry production, the
dissemination and transmission, polyphagia or the ability to infect more species of plants even
phylogenetically distant, the diagnostic potential in terms of availability of technical identifying
specific, sensitive and fast, as well as accessibility to effective interventions, preventive, curative, or
eradication. Moreover, the phytopathogenic bacteria are present and cause disease in many extremely
different environments, as well as of a considerable number of plant hosts. For their rapid
multiplication, they can be extremely destructive in favorable environmental conditions. Their
destructive impact is even more dramatic in case of quarantine phytopathogenic bacteria and of newly
introduced plant pathogens. These bacteria are an economically major threat of paramount
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importance for the areas or Countries where they were absent of not widely spread yet. That is why,
the timely application of specific official measures in case of their reporting or discovery is regulated
by law. Finally, as with other plant pathogens, also for bacteria causing disease on plants and
including those from quarantine, it is likely to suppose a further increase in their spread in the next
years, as a consequence of the intensification of international trades and of the ongoing climate
changes, both of which directly or indirectly help bacterial dissemination and spread.

The most serious threat posed by bacterial diseases of plants is that they are difficult to treat once
arisen and occurred. Therefore, their control is essentially based on a preventive approach, by
adopting strict criteria and measures, even of a legislative nature. In this regard, the Directive
2000/29/EC of the European Council laid down the measures that Member States had to adopt to
protect plants from plant pathogens and pests, both by limiting their dissemination into EU and by
preventing their spread if newly introduced. Briefly, each Member State was required to designate an
authority responsible for plant health, in charge to organize the specific phytosanitary controls both
on the internal production and on that from third Countries, for the release of a phytosanitary
certificate and the verification of the plant passport, respectively.
In the frame of food safety and to increase European competitiveness on a globalized market, in May
2013 the European Commission proposed a new regulation on this matter, which also includes a
package on plant health, and specifically on plant reproductive material as well (COM/2013/0267).
The new proposal aims to create a clear and more transparent regulatory regime, to replace and repeal
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the Directive 2000/29/EC, by defining and updating priorities and strengthening the prevention and
disease measures, through the adoption of more functional strategies to achieve the objectives in terms
of better cost-benefit ratio. In this context, the proposal defines the need for prioritising harmful
organisms at EU level across all Member States. The current list of priority harmful organism for the
EU does not exceed 10% of those until now considered quarantine pests for EU, and includes just
those potentially having dramatic economic, environmental and social impacts. The instruments for
controlling the presence and natural spread of pests in case they eventually reach the EU are included
in the proposal 2013/0140(COD), which would replace and harmonise the Regulation 882/2004/CE.
Together with the adoption of legislative measures, the control of plant pathogenic bacteria envisages
also the adoption of preventive coltural practices. Basically, they aim to reduce the bacterial inoculum
by removing the infected plant material and its debris, or to increase basal plant resistance by properly
applied fertilization and irrigation, to end with the use of resistant plant varieties if or where available.
However, the chemical control still has a strong importance in plant protection from bacterial
diseases, to preserve both the production and the profit, in the short and medium term. Generally, the
chemical control against phytopathogenic bacteria is less effective than against plant pathogenic
fungi, and it essentially relies on the use of copper-based compounds, having a quite exclusive
preventive action.
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The AFTER Cu project
The AFTER Cu project, accordingly to its acronym, aims to demonstrate the effectiveness and the
performances of anti-infective molecules alternative to copper use in the control of bacterial diseases
of plants, thus to open a new scenario and innovative approaches in plant protection.
In particular, the project AFTER Cu demonstrates the existence of a real chance to adopt ecofriendly
strategies for the control of bacterial disease of plants, to reduce or even to replace traditional copper
bactericides. Although still allowed also in organic agriculture, copper-based compounds have been
restricted in their use into the field, and their maximum residue limits in food and feed were lowered
as well, by the most recent European legislation. The project AFTER Cu is in this frame, and
successfully demonstrated the anti-infective performances of innovative peptide molecules for the
cotnrol of Gram negative bacteria affecting plants. The direct anti-virulence activity of the AFTER
Cu peptides, never deriving from an antimicrobial effect, excludes any risk of insorgence of resistance
phenomena to guarantee a greater long term effectiveness than that given by copper.
The results and main goal of the AFTER-CU project were successfully achieved by using several
phytopathogenic bacteria belonging to the so called Pseudomonas syringae group, causing causing
worldwide hundreds of heavy damaging diseases on monocotyledons, herbaceous and woody dicots.
Moreover, some of these bacteria are included in the A2 list of EPPO (European and Mediterranean
Plant Protection Organization) of quarantine pathogens. In particular, the AFTER Cu project was
focused on those P. syringae bacteria causing important diseases on typical Mediterranean crops, and
present in EU Member States such as Italy and Spain. The plant species used as a model were Olea
europaea, Actinidae deliciosa, Citrus spp., in their interaction with P. savastanoi, P. syringae pv.
actinidae, P. syringae pv. syringae, respectively. As shown below, other P. syringae sensu lato
bacteria were used for comparison and experimenatl purposes, as well as other host and non host
plant species.

PHYTOPATHOGENIC BACTERIA

PLANTS

Pseudomonas savastanoi pv. savastanoi

Olea europaea

Pseudomonas savastanoi pv. nerii

Nerium oleander

Pseudomonas syringae pv. actinidae

Actinidae deliciosa/chinensis

Pseudomonas syringae pv. syringae

Citrus limon /sinensis

Pseudomonas syringae pv. tabaci

Nicotiana tabacum
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The AFTER Cu peptides
The AFTER Cu peptides have been studied and desigend in order to be highly targeted against Gram
negative plant pathogenic bacteria. This feature is essential for the AFTER Cu peptides to act in the
early stages of the interaction between the bacterial pathogen and its host plant, without
compromising the bacterial viability and therefore to induce the onset of resistance phenomena. This
mode of action is thus crucial to ensure the AFTER Cu peptides effectiveness in the long term.
In addition, the considerable applicative potentialities of the AFTER Cu peptides also result from the
demonstration of the total absence of any toxicity, as assessed on the epiphytic microflora of the soil,
for several test organisms [e.g. Daphnia magna, Artemia salina (UNI EN ISO 6341:2013; APAT
CNR IRSA 8060 Man 29 2003), and Vibrio fischeri], to end with subcellular targets univerally present
and essential for the viability of any organism and micorganismsuch as the Ca2+-ATPase membrane
pumps.
The AFTER Cu peptides were obtained by chemical traditional synthesis, in compliance with the
current EU legislation REACH 1907/2006. Moreover, the opportunity of the biotechnological
recombinant production of the AFTER Cu peptides was also demonstrated, in the view of a more
environmentally friendly agriculture and conof any of its related practices.
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The AFTER Cu technology: how to use it?
The control of bacterial diseases of Olive, Kiwifruit and Lemon, caused by phytopathogenic bacteria
belonging to the genus Pseudomonas, has foreseen the study, the design, the development and the
synthesis of a specified mixture of peptides able to protect these crops from bacterial infection.
The steps for the preparation and the application of the AFTER Cu peptide-based treatments are
reported. These indications were drafted accordingly to the experience gained both at pilot scale and
at the field level during the AFTER Cu project, through direct and indirect artificial inoculations (e.g.
P. syringae pv. actinidiae infectious rains on Kiwifruit ) at high concentrations, with the objective to
mimic the worst conditions of infection that might occur in natural conditions.
At the end, the beneficial untargeted effects deriving from the AFTER Cu peptides application are
also reported.
1. Solubilization procedure for the AFTER Cu peptides
The solubilization of the AFTER Cu peptides is a very sensitive stage, as these peptides have a low
solubility in aqueous solvents. Therefore, we recommend to proceed according to the following
protocol:
i) Weigh the lyophilized peptide (17 or 21 g, see below), and then transfer the powder into a container
suitable for the preparation of the stock solution (100x in comparison to the working concentration).
It is important to avoid to press the powder during this step, to avoid the generation of practically
insoluble particulates.
ii) Resuspend the weighted peptide into 50 ml of DMSO. Then, add 50 ml distilled water (possibly
sterilised) until homogeneous. Bring the solution to a final volume of 1 liter, by using distilled water
and by shaking vigorously the solution to help a complete re-suspension. Then, add other 9 liters of
water (this makes neglegible the presence of DMSO into the final solution).
iii) The stock solution 100x diluted 1: 100 in water makes possible to obtain the final concentration
of use (suggested 60μM).
Specific anti-infective AFTER Cu preparations:
AP17 (Olive and Lemon)
Diseases: Olive knot disease and Citrus blast/black pit.

PSA21 (Kiwifruit)
Disease: Bacterial canker of Kiwifruit

Causal agents: P. savastanoi and P. syringae pv. syringae

Causal agent: P. syringae pv. actinidiae

MW 1,893.21 g/mol

MW 2,350.78 g/mol

Stock solution (100x): 17 g/L (for 10 Liters)

Stock solution (100x): 21 g/L (for 10 Liters)

Working solution (1x): 170 g/L (for 100 Liters)

Working solution (1x): 210 g/L (for 100 Liters)

Covering property (sprayed on the aerial parts):

Covering property (sprayed on the aerial parts):

-

Olive, 800 L/ha

-

Lemon, 900 L/ha

- Kiwifruit, 1,100 L/ha
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The plant protection treatments performed with Bordeaux mixture have an annual maximum limit of
copper corresponding to 6 kg/ha. The concentration used for the AFTER Cu peptides does not exceed
170-210 g/ha. Therefore, the amount per ha of the AFTER Cu peptides resulted to be effective in
plant protection is less than 3.5% in comparison to copper.
To improve the tackifying properties of the AFTER Cu peptide-based treatments, STICK VP
(Demeter) or any equivalent product can be added, at a concentration of 1 kg/1,000 L. This addition
is optional and it is recommended in case of treatments to be performed in rainy periods.
With the aim to further improve the stability of the AFTER Cu peptide on plant over time, vegetable
tannin extracts can be added to the treatment solution. such as also polyphenolic extracts of grape
seed, or olive, up to a maximum concentration of 1 kg/1,000 L. Furthermore, these natural extracts
also show a positive effect on the basal defense system of plants against several biotic stresses.
2. Number and frequency of the AFTER Cu peptide treatments
Applications on Olive and Lemon (AP17), and on Kiwi (PSA21) should take into account some
important parameters and variables:
- Season (in particular, temperature)
- Rainfall (mm)
- Phenological growth stage
- Pruning
- General health status
- Aggressiveness of the disease
The amount of the AFTER Cu peptides in the working solution should be maintained at a
concentration of 60 µM, essential for both plnat protection and to give beneficial effects on the growth
of the plants, as assessed in several independent trials.
It is recommended to apply at least one treatment at the end of the winter period, when temperatures
start to rise and settle at around 18-20°C. If the treatment is performed by adding a tackifier and a
stabilizer, another single treatment is suggested during the spring, when temperatures are around 2223°C. In any case, we do not recommend more than three treatments during the year. The third
treatment can be administered during the spring, 15 days away from the first treatment or at early
summer, when average temperatures are around 25-26°C.
Rainfall, pruning, the past history of the disease into the field to be treated and the phenological stage
are all variables affecting the frequency and the number of treatments. To apply four or five
treatments, though apparently excessive, could be a good strategy to promote the action of the AFTER
Cu peptides in the first year, particularly after a widespread epidemic in the previous season/year.
In summary:
- Recommended/suggested treatments: 2-3 (or sometimes 4-5, if needed)
- Recommended periods: late winter (18-20°C), spring (22-23°C), early summer (25-26°C).
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3. Additional positive untargeted effects of the AFTER Cu peptide treatments
Copper has been demonstrated to be toxic for the agro-environment, as well as for the crops, where
it can cause important reductions of vegetative growth and several other damages.
This negative effect does not occur in the case of the AFTER Cu peptides, which are inherently natural
and biodegradable, and which represent a protein substrate that the plant itself can use as a nutrient.
Treatments with AP17 and PSA21 peptides induced an increase in the general vegetative vigor of the
plant, and an increase of the length of the roots (from 60 to 90%) compared to untreated plants.

The digital version of the AFTER Cu manual is available on the project website
(English, Italian and Spanish language)
http://www.lifeaftercu.com

For any request or question on the AFTER Cu technology, please contact the AFTER Cu project coordinator:
stefania.tegli@unifi.it
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