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Boosting Potato Defence Against Late Blight. A Study from Field
to Molecule.

Abstract

For more than one century efforts has been made to obtain potato (Solanum tuberosum)
cultivars resistant to late blight. However, introduced resistance has repeatedly been
overcome by Phytophthora infestans (Mont) de Bary. Today late blight control is
dependent on the frequent use of fungicides, but development of fungicide resistance
and increasing fungicide restrictions by EU are of major concern. Methods with less
fungicide requirement is therefore of crucial importance for a more environmentally
sound and sustainable late blight control in the future.

In this study the potential of integrating BABA-induced resistance in existing late
blight management with fungicides was investigated in field. The fungicide dose could
be lowered with up to 25% when combined with BABA, without any decrease in late
blight control or metabolic cost in terms of tuber yield. BABA was shown to directly
activate basal defence responses and hormone signaling in potato. The BABA-induced
hypersensitive-like lesions and major changes in the amino acid balance indicate that
BABA induces resistance by stress imprinting.

Furthermore the potential of using a biosurfactant, produced by Psuedomonas
koreensis strain 2.74, to control late blight in greenhouse was demonstrated. The
biosurfactant was shown to have a direct effect on zoospores and also to induce PR-1
accumulation in the apoplast of potato leaves. Future experiments will reveal if the
biosurfactant induces other defence mechanisms in potato.

This study demonstrated how integration of different control methods could lead to
unchanged or even improved late blight control despite the decrease in fungicide dose.

Keywords: BABA, biosurfactant, disease control, field trials, induced resistance,
integration, late blight, Phytophthora infestans, Pseudomonas koreensis, Solanum
tuberosum
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Dedication

Till Dan-Ola och Viggo

It is good to have an end to journey toward,; but it is the journey that matters in
the end.
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1 Introduction

Potato is the third largest food crop in the world. In Sweden the area for potato
cultivation constitute around 1% of the total agricultural area (SCB, 2012).
However, among all cultivated agricultural crops in Sweden, potato has the
highest applied amount of fungicide per hectar (SCB, 2012). This is mainly
due to late blight caused by Phytophthora infestans, an oomycete that infects
members of the Solanaceae family. Since the first late blight epidemic arise in
the mid 19" century with dramatic consequences for the population of Ireland,
intense efforts has been made to develop late blight-resistant potato cultivars.
However, breeding for late blight resistance is time-consuming and the ability
for P. infestans to rapidly overcome introduced resistance genes (R-genes)
(Fry, 2008) has forced us to find new approaches.

In this thesis, the potential of integrating induced resistance in current
management with fungicides, thereby reducing the amount of fungicides
needed, is demonstrated in field and greenhouse. The field study revealed that
when combining the inducing agent BABA with a fungicide, the fungicide
dose could be lowered with 25% without losing effect in late blight control.
BABA is a well-known inducer of plant defence, but the mechanism behind
remains delusive. The current transcriptomic and proteomic study of BABA-IR
in potato has provided us with tools to better understand how BABA treatment
affects the potato defence on a molecular level. Studies within this thesis have
also shown the potential of using biosurfactants in controlling late blight and
that they induce defence responses in potato.

Together these findings will help us to understand how IR can be used in
practice and hopefully contribute to new approaches for combined control
methods against the late blight disease.
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2 Background

2.1 Potato (Solanum tuberosum L.)

2.1.1 History and origin

Potato (Solanum tuberosum L.) belongs to the family of Solanaceae.
Vegetables as tomato, pepper and eggplant, and ornamental plants as Petunia
and Nicotiana are also members of the Solanaceae family.

Potatoes were domesticated already 8000 years ago, in the Andes of
southern Peru around Lake Titicaca and this place is also accepted as the origin
of potato. Today, there still exist a wide variety of wild relatives of the species
with a great diversity in this region (Spooner et al., 2005).

The Europeans first discovered potato in 1532, when Francisco Pizarro and
his conquistadors conquered what now is Peru (Hawkes & Francisco-Ortega,
1993). Columbus did not explore these areas and the potato was therefore
introduced later to Europe than many other crops from the New World
(Hawkes & Francisco-Ortega, 1993). The earliest record of cultivated potato in
Europe was in the Canary Islands in 1567 (Rios et al., 2007; Hawkes &
Francisco-Ortega, 1993). From here it spread throughout Europe and rest of the
world, but it took more than a century before it was accepted as a major food
crop. In the beginning it was mostly used as an ornamental plant in botanical
gardens.

Olof Rudbeck who planted potato in Uppsala Botanical garden around 1655
was most probably the first one that brought it to Sweden. However not until
about 70 years later, Jonas Alstromer began to cultivate potato on his farm in
Alingsés. Alstromer also tried to convince the farmers about the potential of
the tuber without greater success. It was not until the Swedish soldiers returned
back home from the Pomerian war (1757-1762), where they had come to
appreciate potato, as the production increased. Another factor behind the
increasing production was the discovery of the possibility to produce alcohol
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and flour from potato (Osvald, 1965). This discovery by Eva Ekeblad made
her, as the first woman ever, elected to the Royal Swedish Academy of
Sciences in 1748.

Recent DNA studies of historical herbarium specimens and landraces from
India and the Canary Islands has revealed that the Andean potato predominated
in Europe in the 1700s, but Chilean potato introduced to Europe in the
beginning of 1800s soon became predominant (Ames & Spooner, 2008; Rios et
al., 2007). The chloroplast DNA data from the study of Rios et al. (2007)
further revealed that 99% of existing potatoes today have Chilean germplasm.

The original name of potato comes from the Quechua-Inca word “papa”.
However, this word was never adopted in Europe. In Italy it become known as
tartouffli (truffle) and in France pomme de terre. Both ‘patata’ (Spain) and
‘potato’ (England) has derived from a combination of batata, which is the name
of sweet potato (Ipomoea batatas), and the word papa.

2.1.2 Production and nutritional value

Potato is grown in more than 100 countries and is the third most important
food crop in the world after wheat and rice. It is very adaptable and is
cultivated both in temperate, subtropical and tropical conditions. Between
1991-2007, the potato production levels in the developed nations of Europe,
North America and the former Soviet Union have declined from 183,13 to
159,89 million tonnes (FAQO, 2008). In contrast, the production increased from
84,86 to 165,41 million tonnes in countries belonging to Asia, Africa and Latin
America during the same period (FAO, 2008). The top three world leaders in
potato production 2011 included China (88.4 million tonnes), India (42.3
million tonnes) and the Russian federation (32.7 million tonnes) (FAOSTAT,
2011).

Potatoes are rich in minerals like potassium, phosphorus and magnesium as
well as vitamins like B1, B3, B6 and vitamin C (Camire et al., 2009). One
single potato (150 g) can meet half of the daily adult requirement of vitamin C.
In addition to this, potatoes also contain dietary antioxidants, fibers, high
quality proteins and carbohydrates. The best preparation method to preserve
the vitamin C level is to boil the potato with the skin, however losses of other
vitamins and minerals are less during baking (Prokop & Albert, 2008).
However, potatoes also contain toxic glucoalkaloids like solanine and
chaconine that often occurs just beneath the skin. To keep the levels of
glucoalkaloids low, potatoes should be stored in a dark and cool place (Prokop
& Albert, 2008).
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2.2 Phytophthora infestans and the late blight disease

“I shall never forget the change in one week in August. On the first occasion, on
an official visit of inspection, I had passed over thirty-two miles thickly studded
with potato fields in full bloom. The next time the face of the whole country had
changed; the stalk remained bright green, but the leaves were all scorched black.
It was the work of a single night. Distress and fear were pictured on every
countenance and there was a great rush to dig and sell, or consume the crop by
feeding pigs and cattle, fearing in a short time they would prove unfit for any

use”. (Captain Robert Mann, Coastguard officer in County Clare, 1846)

“7‘:4’"‘, " '7,l A ‘ éi_‘ "\/‘H\':.
Figure 1. Late blight infection in a potato field. Photo: E. Liljeroth.

2.2.1 History and origin

The origin of Phytophthora infestans, the pathogen causing late blight in
potato, is still a matter of controversy. Mexico has been suggested as the centre
of origin of P. infestans, due to the occurrence of both mating types and high
genetic and phenotypic variation (Andrivon, 1996). The other more recent
upcoming theory, based on studies of mitochondrial and nuclear loci in P.
infestans and its close relative P. andina, points to the Andes as the centre of
origin (Gomez-Alpizar et al., 2007).
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The first late blight epidemic arose in the American east coast in 1843 and
from there it spread all over Europe with a remarkably speed. In Ireland, potato
constituted the main source of food and “potato murrain”, as late blight then
was called, got devastating consequences. The “Irish Potato Famine” led to
starvation and death of more than 1 million people in Ireland and emmigration

of 1.2 million Irish citizens. Even today the population of Ireland is not as big
as before the famine.

o
|
s

i

Figure 2. Great famine memorial in Dublin. Photo: M. Gotte.

At first there was a controversy of whether a fungus of the Botrytis family was
the cause of the late blight disease or rather a consequence of the disease. It
was not until Anton de Bary in the beginning of 1860s described the life cycle
of the pathogen, that it was classified as a fungus and later he also named it
Phytophthora infestans the Greek words for ‘plant destroyer’ (Large, 1946).

A second migration of late blight to Europe occurred in the late 1970s, via a
large import from Mexico of potatoes for fresh consumption (Niederhauser,
1991). The migration brought a second mating type designated A2 together
with new genotypes with rare alleles (Fry, 2008). Prior to the second migration,
the populations of P. infestans outside of Mexico were dominated by a single
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clonal lineage, US-1 and consisted of only the A1 mating type (Goodwin et al.,
1994). The occurrence of both mating types, which makes sexual reproduction
possible, was thought to lead to a more diverse genotypic variation, as seen in
Mexico (Griinwald & Flier, 2005). However, the existing populations of P.
infestans in Europe are still dominated by clonal lineages and a limited number
of genotypes (Gisi et al., 2011), except for the Nordic countries where sexual
reproduction and genotypic variation occur (Brurberg et al., 2011).

2.2.2 Taxonomy and biology

Phytophtora infestans (Mont.) De Bary is belonging to the class of oomycetes
(water molds) of the kingdom Stramenopila and is taxonomically closely
related to golden-brown algae and diatoms and is not a fungus as it first was
classified as (Judelson & Blanco, 2005; Erwin & Ribeiro, 1996). The cell wall
of true fungi consists of chitin, whereas the cell wall of oomycetes mainly
contains cellulose and other glucans. P. infestans is a hemibiotrophic pathogen,
which means that it, during infection, first has an initial biotrophic phase where
it forms specialized feeding structures, like haustoria. This is followed by a
nectrophic phase, where secondary hyphae are killing the tissue for nutrient
acquisition (Perfect & Green, 2001). The pathogen mostly infects the potato
foliage, but can also attack the stem and cause brown rot in the tubers (Fig. 3).

The project to sequence the genome of P. infestans was completed in 2009
and revealed that the genome, with a size of 240 megabases (Mb), consisted of
an extremely high repeat content (74%) and highly mobile transposable
elements (Haas et al., 2009). Many of the genes within the dynamic repeat-rich
regions belonged to fast-evolving pathogenicity effectors such as the RXLR
and Crinkler families, which could explain its rapid evolutionary changes and
effector gene expansions (Haas et al., 2009).

Figure 3. Late blight symptoms on a leaf, tuber and stem. Photo: (from left): T. Bengtsson, F.
Reslow and L. Wiik.
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2.2.3 The infection stages and life cycle

The life cycle of P. infestans can be divided into an asexual and sexual part
(Fig. 4). The asexual reproduction allows rapid dispersal and generation to take
place and can be repeated many times during the season (Fry, 2008), whereas
the sexual phase result in increased genetic variation and helps the pathogen to
survive between seasons.

Zoosporangium

Zoospore release
Q T
\‘ Germinated land
Sporangium erminated zoospores or/an

’ sporangia pentrates the leaf
from germinated @? Sporangium P gape

/ Infected \"”""‘ tube
/ seedling

Oospore . O
( ) Sporangiophore \

\ Inlccled tuber -~ ™~
\ Asexual
Antheridium % Oogonium = /
A1
Infected plant
A2
(Requires both T
mating types present) Sexual

Figure 4. The life cycle of Phytophthora infestans. Illustration: H. P. Hovmalm.

In the absence of a compatible mating type, P. infestans reproduce asexually
by the formation of specialised hyphae called sporangiophores. The branched
sporangiophore emerges through the stomata of stem and leaf and produces
sporangia (or zoosporangia) (Fig. 4). Sporangia are often released in the
morning when it is becoming warmer and there is a drop in humidity. They can
then be spread by wind to a nearby plant, where they at the right condition (20-
25°C, nutrients available) germinate directly and cause infection or in case of
lower temperatures (10-15°C, absence of nutrients) release 3-8 biflagellate
motile zoospores (zoosporogenesis) (Fig. 5) (Fry, 2008; Grenville-Briggs et al.,
2005). The zoospores are wall-less and motile for a short time before they
encyst, germinate and penetrate the plant. Infection by encysted zoospores is
referred to as indirect germination (Grenville-Briggs et al., 2005). Both
sporangia and zoospores form germ tubes and appressoria prior to penetration
(Tucker & Talbot, 2001). The mycelium grows intra- and intercellularly and
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occasionally haustoria formation occurs inside the cells (Grenville-Briggs et
al., 2005). The whole leaf foliage of a field can be totally wilted within a week
after infection. In addition to leaf damage, the sporangia and zoospores can
also infect tubers, leading to a reduced harvest. Subsequently, the tubers will be
a source of inoculum for the coming season.

R

Figure 5. A sporangium before and after the release of zoospores. Photo: E. Liljeroth.

P. infestans is heterothallic and have two mating types, Al and A2, for sexual
reproduction. The sexual spore, called oospore, is formed after fertilization
between the oogonium (female organ) and the antheridium (male organ). The
oospore formation occurs more frequently in stems than in leaves. A possible
explanation for this could be that the stems are able to resist a blight attack for
a longer period (Andrivon, 1995). The oospores are thick-walled and very
robust and can survive for several years in soil (Mayton et al., 2000). They are
able to survive very low temperatures but are more sensitive against higher
temperatures (12 h at 40°C) (Fay & Fry, 1997). During the germination of an
oospore, a germ tube is formed, by which a sporangium is produced. Just like
in the asexual cycle, infection can occur both directly by the sporangium itself
or indirect via the release of zoospores.

2.3 Management of the late blight disease

It is now more than 150 years since the first late blight epidemic occurred in
Europe, but still the disease has the farmers and breeders in its grip. Today a
combination of methods, like crop rotation, resistance breeding, chemical
treatments, top-killing of the foliage prior to harvest and the use of high quality
seed potato, are needed to keep late blight under control. There are also
forecast systems, which aims at predicting when the weather is suitable for the
pathogen and thus recommend when to spray the fields with fungicides. The
control measures and yield losses due to late blight has been estimated to an
annual cost of M € 4800 globally (Haverkort et al., 2008).
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2.3.1 Resistance breeding

Breeders have during more than a century tried to develop cultivars with race-
specific (a.k.a. qualitative, vertical) resistance against P. infestans. Resistance
genes (R-genes) from a wild Solanum species, Solanum demissum Lindl., were
introduced in Solanum tuberosum by classical breeding (Umaerus & Umaerus,
1994). P. infestans, with its ability to rapidly evolve new virulent races in
response to selection pressure, has today overcome all of the 11 R-genes
introduced from S. demissum (Fry, 2008). Recently, breeders have tried to
obtain more durable resistance by pyramiding (combining serveral R-genes)
from wild Solanum relatives (Tan et al., 2010). For the pathogen to overcome
this, mutations at several avirulence (Avr) loci would be required.

Bt

Figure 6. Besksota (Solanum dulcamara), a wild relative to Solanum tuberosum, found flowering
(purple flowers) next to the sea in Lomma. Photo: A. Lankinen.

Race-non-specific resistance (a.k.a. quantitative, horizontal, field or partial) is
believed to be more durable due to its polygenic nature. A plant with
quantitative resistance will not be totally immune but confer equal protection
against all races and result in a lower selection pressure on the pathogen (Van
der Plank, 1963). The breeding for quantitative resistance is challenging since
the mechanisms behind the resistance are unknown and several genes or
quantitative trait loci (QTL) are involved. In addition, the QTLs behind the
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resistance have also been associated with undesirable traits, like lateness in
maturity (Visker ef al., 2005). It is important to remember that disease
resistance is only one among several other traits like, yield, storability, shape,
taste, texture, color, resistance to browning, starch content, glycoalkaloid
content etc. to consider in potato breeding. Besides all of these traits that need
to be considered, traditional potato breeding is time consuming and
accompanied with additional problems such as linkage drag, differences in
ploidy levels and Endosperm Balance Number (Johnston et al., 1980). When
stacking of several R-genes is needed the time-span is prolonged and the
breeding complicated, hence the chance to win the arms race against P.
infestans becomes diminished. Stacking could be facilitated with genetically
engineering by introduction of transgenes, e.g. genes from non-crossable
species, or cisgenes, e.g. genes from the species itself or from a crossable
species (Jacobsen & Schouten, 2009). In Europe the opposition against the
genetic modification (GM)-approach still is strong and the way from
development to release of a GM-crop is complicated, slow and expensive. In
March 2010, after a 12-year approval process, the EU commission approved
commercial use of the GM starch potato, named Amflora. BASF has also with
the use of transgenic modification developed a variety, named Fortuna, which
harbor two resistance genes (van der Vossen et al., 2005; Van Der Vossen et
al., 2003) introduced from the wild relative Solanum bulbocastanum into the
potato variety Fontane. However, already two years after the EU approval of
Amflora, BASF stopped marketing GM varieties in Europe due to the lack of
public acceptance and political resistance. Breeders are now hoping that the
use of cisgenetic modifications (CM), without the use of selection markers
such as antibiotic resistance genes, will prove acceptance by the public and
facilitate the legalisation of CM varieties (Holme ef al., 2013; Haverkort et al.,
2009). In 2006, a research program called Durable Resistance against
Phytophthora in potato (DuRPh), continuing over 10 years, was started at
Wageningen University and Research Centre (Haverkort et al., 2009;
Haverkort et al., 2008). The DuRPh program is relying on the CM approach
without the use of selection markers.

2.3.2 Use of fungicides

The potato production is highly dependent on the use of fungicides. At the
same time, the consumer’s demand for organic and locally produced potato is
increasing. The usual spraying frequency against late blight in Sweden is once
per week starting from when the plant reaches a height of 20 cm or even earlier
when there is risk for early infections. As a consequence, potato fields in
Sweden are in average exposed to seven chemical treatments during a season
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and during a rainy summer even more (SCB, 2011). The recommendations
from the Swedish Board of Agriculture are to use contact fungicides that
protect locally and not can be taken up by the plant, such as Shirlan and
Ranman. In case of infected soil or seed potato, the recommendations are to
use systemic or translaminar fungicides such as Acrobat, Epok, Ridomil Gold,
Tattoo and Revus. Translaminar fungicides are taken up by the sprayed upper
side of the leaf and are then transported to the lower unsprayed side of the leaf,
in contrast to systemic fungicides that are absorbed by the leaf and transported
through the xylem vessels, either short or long distances, within the plant. In
Sweden, 2011, the area used for potato cultivation reached just above 1 % of
the total cultivated agricultural area (SCB, 2012). Nonetheless, potato has the
highest applied amount of fungicide per hectar among all cultivated
agricultural crops in Sweden mainly due to late blight (SCB, 2012).

2.4 Plant innate immunity

Plants constantly have to face threats from pathogens like fungi, virus, bacteria,
nematodes, insects etc., yet disease is an unusual outcome in nature. Most
pathogens have a restricted host range but occasionally, under the right
conditions, the pathogen succeeds to infect/infest a host plant. To defend
themselves, plants have evolved an arsenal of constitutive and inducible
defence mechanisms. Constitutive defences include pre-formed barriers such as
cell walls, wax layers, thorns and secondary metabolites. The inducible defence
is activated when the plant senses an intruder and includes the production of
toxins, defence proteins and the hypersensitive response (HR). The plants
inducible defence is part of the innate immune system, which is divided into
two types based on the recognition of evolutionary conserved molecules from
the pathogen (see Fig. 7).

2.4.1 PAMP-triggered immunity (PTI)

One part of the two-way innate immune system in plants is PAMP-triggered
immunity (PTI), which is based on the recognition of pathogen-associated
molecular patterns (PAMPs), or as more recently called microbe-associated
molecular patterns (MAMPs), by the plant pattern recognition receptors
(PRRs) located in the plasma membrane of the host (Chisholm et al., 2006;
Jones & Dangl, 2006) (Fig. 7). PAMPs/MAMPs are recognized as non-self
molecular signatures, often evoultionary conserved in a certain class of
pathogen, such as chitin for fungi, glucan for oomycetes and flagellin for
bacteria (Boller & Felix, 2009). PTI can also indirectly be activated as a result
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from the damage caused by microbes, so called damage-associated molecular
patterns (DAMPs) (Boller & Felix, 2009).

PRRs often contain an extracellular domain of LRR (leucine rich repeats)
that can sense PAMPs/MAMPs or DAMPs, a transmembrane domain and an
intracellular serine/threonine kinase domain that transmits the signal (Zipfel,
2008). Belonging to this category are the receptor-like kinases (RLKs) (Shiu &
Bleecker, 2003). The signal results in the activation of a wide set of
downstream defence responses such as cell wall reinforcement, mitogen
activated protein kinase (MAPK) cascades, production of reactive oxygen
species (ROS) and induction of defence gene expression (Ingle et al., 2006).

PTI ETS ETI ETS ETI

@] ® e®
Pathogen ° ® o
effectors .
Pathogen
effectors | Avr-R

Figure 7. Schematic representation of the co-evolutionary zig-zag model of plant-pathogen
defence strategies. In phase 1, plant pattern recognition receptors (PRRs) perceive highly
conserved non-self molecules (MAMPs/PAMPs) or damage-associated molecular patterns
(DAMPs) and activate PAMP-triggered immunity (PTI). In phase 2, the pathogen interferes with
PTI through the release of effectors, which if successful results in effector-triggered susceptibility
(ETS). In phase 3, a race-specific effector (red) is recognized by the plant resistance protein (R1)
and activates effector-triggered immunity (ETI) often associated with the hypersensitive response
(HR). Phase 2 and 3 are then repeated over and over in an ongoing arms race between the plant
and the pathogen, with selection of new resistance proteins and effector molecules. Reproduced
with permission from Macmillan Publishers Ltd: Nature. Jones & Dangl, copyright 2006.

One example of a P. infestans PAMP are Pep-13, a motif from a
transglutaminase (GP42), that induces the oxidative burst and lead to salicylic
acid (SA) and jasmonic acid (JA) accumulation, defence gene expression and
HR in potato (Halim et al., 2004). Other known P. infestans PAMPs are INF1,
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an elicitin with sterol carrier activity (Kamoun et al., 1998; Mikes et al., 1998),
and scr74, a phytotoxin-like protein that triggers HR within the host (Liu ef al.,
2005).

2.4.2 Effector-triggered immunity (ETI)

PTI often stops the infection at an early stage before the pathogen gains a hold
in the plant. However, in some cases the pathogen is able to suppress the PTI
by release of effectors, leading to effector-triggered susceptibility (ETS)
(Chisholm et al., 2006; Jones & Dangl, 2006) (Fig. 7). Subsequently, in order
for the plants to survive, they evolved a more specialized recognition system
with resistance (R) genes, encoding R proteins that either direct or indirect can
recognize a specific effector. This leads to an incompatible reaction called
effector-triggered immunity (ETI) that often is associated with HR (Chisholm
et al., 2006; Jones & Dangl, 2006) (see Fig. 7). Typical R proteins are NB-
LRRs named after their nucleotide binding (NB) and leucine rich repeat (LRR)
domains, but other domains such as coiled-coil (CC) and TOLL/interleukin-1
receptor (TIR) can also be present (McHale et al., 2006). Recently, 435 NB-
LRRs (putative R-genes) was identified in the Solanum tubersoum group
phureja DM1-3516 R44 genotype (Lozano et al., 2012).

2.4.3 P. infestans effectors

Effectors released by the pathogen are classified as extracellular (apoplastic) or
intracellular (cytoplasmic) effectors based on the place for expression within
the host (Kamoun, 2006) (Fig. 8). The recently published genome of P.
infestans revealed, highly mobile transposable elements and large families of
putative effectors (Haas et al., 2009), most of them found in untranslated repeat
rich regions. This could enable changes and expansions of the effector
repertoire. However, the underlying function of most of them still remains
unknown.

Apoplastic effectors

Apoplastic effectors have N-terminal signal peptides for secretion and C-
terminal effector module(s) (Damasceno et al., 2008; Tian et al., 2007; Tian et
al., 2005; Tian et al., 2004). Most of them target proteases and glucanases, thus
plant defence related proteins. The P. infestans effectors EPI1 and EPI10
inhibit subtilisin-like protease P69B (Tian et al., 2005; Tian et al., 2004), while
EPIC1 and EPIC2B inhibit different cysteine proteases like C14, PIP1 and
Rer3, in tomato (Kaschani er al., 2010; Song et al., 2009; Tian et al., 2007).
Glucanase inhibitor protein (GIP) is a P. infestans effector that inhibits Endo-
beta-1, 3 glucanases, thus prevent the degradation of pathogen cell wall
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Figure 8. Schematic view of a host infected by P. infestans secreting both apoplastic and
cytoplasmic effectors. Note that the scale is not reflecting the reality. Republished with
permission of ANNUAL REVIEWS, INC from “A Catalogue of the Effector Secretome of Plant
Pathogenic Oomycetes”, Kamoun, Annual Review of Phytopathology 44(1), copyright 2006;
permission conveyed through Copyright Clearance Center, Inc.

components that can act as elicitors of host defence mechanisms (Bishop et al.,
2005).

Cytoplasmic effectors

The cytoplasmic effectors have just as the apoplastic ones, N-terminal signal
peptides for secretion, but also for translocation inside the host cell. The C-
terminal domain is involved in the biochemical effector activity (Schornack et
al., 2009). It is specific motifs in the N-terminal region following the signal
peptides that defines where it should be translocated inside the cell. For
instance RXLR effectors are characterized by a specific amino acid sequence
(Arg-X-Leu-Arg, where X denotes any amino acid) (Dou et al., 2008; Whisson
et al., 2007). RXLR is also one of the main cytoplasmic effectors and hundreds
of them are present in the genome of P. infestans (Haas et al., 2009). The
RXLR family, IPIO, consists of several classes (I, II and III), where class I and
I can be recognized by a R-gene (RB or Rpi-blbl) from Solanum
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bulbocastanum, thus leading to HR and resistance against isolates of P.
infestans (Halterman et al., 2010; Champouret et al., 2009; Song et al., 2003).
In contrast, P. infestans harbouring class III variants of IPIO (IPI-O4) has been
shown to overcome RB resistance, by either avoiding recognition or interfering
with the resulting HR (Champouret et al., 2009; Halterman et al., 2010).
Another P. infestans RXLR effector, is AVR3a that occurs in two forms:
AVR3A® and AVR3A™ (Bos ef al., 2010). AVR3a function as a virulence
factor that targets and stabilizes the plant U-box E3 ligase CMPG1 resulting in
HR inhibition (Bos et al., 2010). AVR3AX! is recognized by the corresponding
potato resistance protein R3a and strongly suppresses infestin 1 (INF1)-
triggered cell death (ICD), whereas AVR3A™ avoids recognition thus only
results in a weak HR suppression (Bos et al., 2010).

The second predominant family of P. infestans cytoplasmic effectors is the
Crinkler family (CRN for CRinkling and Necrosis). The first CRN protein was
found in P. infestans and was named based on the leaf crinkling and cell death
phenotype observed when expressed in planta (Torto et al., 2003). Their
biochemical activity is still largely unknown, however a recent study have
shown that many of them are phosphorylated (van Damme et al., 2012). This
has yielded an interest in exploring how CRNs modulates post-translational
processes of the host and thus interferes with the host defence signalling
(Howden & Huitema, 2012).

2.5 Induced resistance (IR) in plants

Both abiotic and biotic stimuli can activate the inducible defence within the
plant, leading to an increased resistance towards pathogens and herbivores both
locally and systemically, a phenomenon termed induced resistance (IR).

The first reports about the IR phenomenon were published in the early
1900s. In 1952 Gilpatrick and his colleague, observed a reduction in virus
symptoms on Dianthus barbatus L. plants (eng. Sweet-William plant, sv.
borstnejlika), if the plants previously had been exposed for the same virus
(Gilpatrick & Weintraub, 1952). A similar observation was made in tobacco
(Nicotiana tabacum) 1961, where inoculation of the lower leaves with tobacco
mosaic virus, resulted in induced resistance to a secondary infection within the
upper leaves, a phenomenon termed systemically aquired resistance (SAR)
(Ross, 1961). Another form of IR is induced systemic resistance (ISR), which
is acquired when the plant rhizosphere are colonized by plant-growth-
promoting rhizobacteria/fungi (PGPR/PGPF) (Shoresh et al., 2010; van Loon,
2007). In addition, previous exposure to insects, avirulent nematode species
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and endophytes has also been shown to induce plant resistance (Kang et al.,
2007; Bostock, 2005; Kosaka et al., 2001).

IR does usually not result in fully resistant plants and the effect has shown

to be dependent on various factors such as genotype, application method and
surrounding environment (Walters et al., 2011; Liljeroth et al., 2010; Sharma
et al., 2010) (Fig. 9). Since resistance is quickly overcome by many pathogens
and significant reduction of pesticides is a goal for the European Union (EU)
(Hillocks, 2012), there is an urgent demand for alternative approaches. Future
agricultural practices are headed towards the use of more sustainable and
environmentally sound control systems that often requires integration of
several approaches.
Despite many years of research within the area of IR, the use in practise is
minimal. Farmers are used to high disease control, thus the possibility to use
IR, which is associated with lower disease control, is less tempting. Even if
pest/pathogen/abiotic stress control not can rely solely on IR, it still may have a
great potential to be used in an integrated approach. For example, the abiotic
agent 3 -aminobutyric acid (BABA) applied in combination with a fungicide,
could lower the amount of fungicide needed for late blight control with up to
25% in a potato field (Liljeroth et al., 2010). Recently, the use of potassium
phosphite (Phi) another abiotic inducing agent, has shown great potential to
reduce downey mildew (Plasmopara viticola) infection in grapewine fields
(Pinto et al., 2012). In fact it showed to be superior to fungicide treatments
when applied alone, with obtained disease control around 40 % (Pinto et al.,
2012). In addition, Pinto et al. (2012) also showed that Phi application was an
economical viable option to fungicide use. Potato field trials conducted during
2011 and 2012, has confirmed the potential of using Phi (Liljeroth et al., 2012).
Results from the two years have shown that a synergistic effect can be reached
when combining Phi with the fungicide Shirlan (Liljeroth ef al., 2012). In other
words, the fungicide dose could be reduced up to 50%, when Phi was added to
the treatment, without affecting the efficacy (Liljeroth et al, 2012).
Interestingly, for some varieties, Phi applied alone, resulted in a lower percent
infection than obtained when solely Shirlan was applied (Liljeroth et al., 2012).
These results clearly demonstrate the potential of integrating IR in existing
management strategies and the importance of using the best responding
varieties.
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Figure 9. Illustration over factors influencing the outcome of induced resistance (IR) in plants,
with BABA, late blight and potato as example. Note that the IR-response is partial and not so
clear as illustrated in the figure. Illustration: H. P. Hovmalm.

The plant defence does not always become directly activated upon stimuli
instead it can become activated first upon subsequent exposure to stress. This is
referred to as priming and is often associated with a faster and stronger
induction of the plant defence when exposed for subsequent abiotic and/or
biotic stress (Conrath, 2011; Conrath et al., 2006). Beckers et al. (2009) has
shown that two inactive proteins of mitogen-activated protein kinases (MPKs),
MPK3 and MPK6, have a role in priming in Arabidopsis. These signaling
proteins were activated in primed Arabidopsis and associated with an enhanced
defence gene expression upon infection (Beckers et al., 2009). In a recent
publication an extracellular subtilase, SBT3.3, that acts as a switch for a SA-
dependent immune priming in Arabidopsis, has been identified (Ramirez et al.,
2013). Furthermore, SBT3.3 became upregulated and primed the defence when
epigenetic control was constrained, thus suggesting a role for epigenetic
control in the regulation of plant immunity. In general, IR by priming of the
defence is considered to be the better strategy, due to the higher allocation cost
associated with a constitutively activated defence (Walters & Heil, 2007; van
Hulten et al., 2006).

2.5.1 Systemic aquired resistance (SAR)

The term SAR refers to the systemically broad-spectrum defence induced in
tissue distal from a local pathogen infection. However, SAR can also be
activated by numerous of abiotic agents like the defence hormone salicylic acid
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(SA) and its synthetic analogs 2, 6-dichloroisonicotinic acid (INA) and
benzothiadiazole S-methyl ester (BTH) (Durrant & Dong, 2004; Ryals et al.,
1996). SAR is often associated with the priming, accumulation of
pathogenesis-related (PR) proteins and defence against hemibiotrophic and
biotrophic pathogens (Glazebrook, 2005; Durrant & Dong, 2004).

Since the phenomenon of SAR was described and phrased in the 1960s

(Ross, 1961; Chester, 1933), intense research has been conducted to understand
which components that are involved in SAR activation and signal transmission.
Most of the questions still need to be answered, but recent progress has been
made. Several review articles have been published to summarize the latest
findings and address the fundamental questions regarding SAR (Fu & Dong,
2013; Pajerowska-Mukhtar et al., 2013; Shah & Chaturvedi, 2013; Dempsey &
Klessig, 2012; Spoel & Dong, 2012).
Pajerowska-Mukthar et al. (2012) suggested that changes in amino acid
homeostasis induced by ETI could play a role in initiating SAR signalling. In
their study they found that TL1-binding factor 1 (TBF1), which contains two
up-stream open reading frames enriched for phenylalanine, was translated upon
ETI induction by P. syringae pv. maculicola (Psm) ES4326/AvrRpt2. A
significant increase of the TBF1 transcript was observed within 30 minutes
after Psm inoculation hence it might be one of the earliest triggering responses
for SAR. Several candidates are suggested to have a role in the mobile
signalling for SAR, such as methyl salicylic acid (MeSA), pipecolic acid (PiP),
azelaic acid (AzA), glycerol-3-phosphate (G3P), abietane diterpenoid
dehydroabietinal (DA) and a lipid transport protein named DIR1 (defective in
induced resistance 1) (Shah & Chaturvedi, 2013). Among these AzA, G3P and
DA all require DIR1 to induce SAR (Shah & Chaturvedi, 2013). Furthermore
the transcription co-factor nonexpressor of PR genes 1 (NPR1), a master
regulator of plant and required for activation of pathogenesis related (PR)-
proteins, together with SA and the suggested SA receptors NPR3 and NPR4,
all seems to be important players and parts of a complex network leading to
SAR establishment (Fu & Dong, 2013, Pajerowska-Mukhtar et al., 2013). The
effect of SAR can be long lasting and recent reports indicate that the memory
of SAR even can be inherited to the next generation (Luna et al., 2012;
Slaughter et al., 2012).

2.5.2 Induced systemic resistance (ISR)

Induced systemic resistance (ISR) is synonymous to SAR, but was termed ISR
to facilitate the separation of pathogen- and PGPR/PGPF-induced resistance.
Occurrence of non-pathogenic and plant growth-promoting bacteria and fungus
in the rhizhosphere, can lead to an enhanced defence in above ground plant
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parts called ISR (Pieterse et al., 1998). Commonly studied PGPR/PGPF
species mediating ISR are Pseudomonas, Bacillus and Trichoderma spp.
(Walters et al., 2013). ISR, like SAR, constitute defence against a broad
spectrum of pathogens, but also towards insects and against abiotic stress
(Yang et al., 2009; Van Oosten et al., 2008; van Loon et al., 1998). Several
“omics” studies have recently been conducted in order to obtain a deeper
knowledge of the mechanisms behind ISR (van de Mortel ef al., 2012; Weston
et al., 2012; Walker et al., 2011; Van der Ent et al., 2009; Verhagen et al.,
2004). In contrast to SAR, establishment of ISR is most often dependent on
components of the JA and/or ethylene (Et) signaling pathway (Pieterse et al.,
1998), pathways associated with defence against necrotrophic pathogens
(Glazebrook, 2005). However, this is not always the case. In some
pathosystems ISR can be dependent also on SA signaling or even require both
pathways to function (van de Mortel et al., 2012; Yoshioka et al., 2012; Conn
et al., 2008; Tjamos et al., 2005; Audenaert et al., 2002). In addition to the
hormone metabolism, components of the secondary-, carbohydrate- and amino
acid-metabolism have shown to be involved in ISR (Weston et al., 2012).

The mechanism involved in ISR-related priming seems also to be regulated
by different pathways, depending on the pathosystem as well as the inducing
agent. For instance, ISR-related priming in Arabidopsis by P. fluorescens
WCS417r or BABA, has been shown to involve control by NPR1-dependent
signalling pathways (Van der Ent et al., 2009). However, the same study
showed that the two inducers resulted in distinct sets of priming-responsive
genes suitable as specific markers for priming. For example, a putative cis-
element was strongly over-represented in the promoters of 21 NPRI-
dependent, BABA-induced WRKY genes (Van der Ent ef al., 2009).

2.5.3 BABA-IR

Among abiotic IR-inducers, BABA is one of the most well known agents.
Papavizas and Davey discovered it already in 1963, when they found that
BABA could reduce root rot of peas caused by Aphanomyces euteiches. Since
then numerous of studies have shown that BABA can induce resistance in
many plant species, spanning over different families, against a broad range of
pathogens but also against abiotic stress like drought and salt (Table 1).

The ability of BABA to induce resistance in plants directly or indirectly is
usually not associated with a direct antifungal or antibacterial activity.
However, reports of direct toxicity against fungal pathogens exists (Sasek et
al., 2012; Zhang et al., 2011; Marcucci et al., 2010; Fischer et al., 2009;
Tavallali et al., 2008; Porat et al., 2003), but has been suggested to be
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dependent on the dose and presence of organic nitrogen in the culture medium
(Sasek et al., 2012; Fischer et al., 2009). The concentrations required for
antifungal activity has also been shown to be significantly higher than the
optimal concentration for BABA-IR (Porat et al., 2003).

Recently it has been demonstrated that BABA-primed defence, just as SAR,
can become inherited by following plant generations (Slaughter et al., 2012).
Progeny of BABA-treated Arabidopsis showed a stronger expression of
defence-related genes and enhanced disease resistance against the bacteria
Pseudomonas  syringae pv  tomato and the obligate oomycete
Hyaloperonospora arabidopsidis (Slaughter et al., 2012). No BABA could be
detected in the progeny at the time of challenge inoculation, thus a direct
antimicrobial effect of BABA could be ruled out as the cause of the observed
priming.
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Table 1. Selection of studies of BABA-induced resistance (BABA-IR)

abiotic/biotic interactions

in various plant-

Family Plant Species Common Type of stress  Subsequent exposure for: Reference
name
Asteraceae Cynara cardunculus Artichoke Fungus Sclerotinia sclerotiorum Marcucci et al. 2010
(artichoke)
Helianthus annuus L. Sunflower Fungus Puccinia helianthi Amzalek and Cohen
20071
Oomycete Plasmopara helianthi Tosi et al. 2000
Plasmopara halstedii Nandeeshkumar et al.
20091
Lactuca sativa L. Lettuce Oomycete Bremia lactucae Cohen 20071
Cohen et al. 2010
Cohen et al. 2011
Pajot et al. 2001
Alliaceae Allium cepa L. Onion Fungus Botrytis allii/Botrytis cinerea Polyakovskii et al. 2008
Brassicaceac  Arabidopsis thaliana L. Thale cress Abiotic stress Acid rain Liuetal. 2011
NaCl Ton et al. 2005

Bacteria

Fungus

Insect

MAMP

Oomycete

Pectobacterium
carotovorum
Pseudomonas fluorescence

Pseudomonas syringae

Alternaria brassicicola

Botrytis cinerea

Plectosphaerella cucumerina

Brevicoryne brassicae/Plutella

xylostella

Fig22

Hyaloperonospora parasitica

Po-Wen et al. 2013

Van der Ent et al. 2009
Flors etal. 2008
Navarova et al. 2012
Singh et al. 2012

Ton et al. 2005

Tsai et al. 2011

Van Hulten et al. 2006
Zimmerli et al. 2000
Flors et al. 2008

Ton and Mauch-Mani
2004

Zimmerli et al. 2001
Ton and Mauch-Mani
2004

Hodge et al. 2006

Singh et al. 2012
Ton et al. 2005

Van Hulten et al. 2006
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Family Plant Species Common Type of stress  Subsequent exposure for: Reference
name
Peronospora parasitica Zimmerli et al. 2000
Phytophthora brassicae Si-Ammour et al. 2003
Phytophthora infestans Si-Ammour et al. 2003
Brassica juncea L. Brown Fungus Alternaria brassicae Kamble and Bhargava
mustard 20071
Brassica napus L. Salad rape Fungus Leptosphaeria Sagek et al. 2012
maculans
Verticillium longisporum Kamble et al. 2013
Insect Myzus persicae/Brevicoryne Hodge et al. 2006
brassicae/Plutella xylostella
Brassica nigra L. Black mustard  Insect Trichoplusia ni Hodge et al. 2006
Brassica oleracea (L.)  Broccoli Bacteria Pseudomonas fluorescens Pajot and Silue 2005
Calabrese Insect Myzus persicae/Brevicoryne Hodge et al. 2006
brassicae/Trichoplusia
ni/Plutella xylostella
Savoy Myzus persicae/Plutella Hodge et al. 2006
cabbage xylostella
Spring Brevicoryne brassicae/ Hodge et al. 2006
cabbage Trichoplusia ni
Cauliflower Oomycete Peronospora parasitica Silué et al. 2002
Sinapis alba L. White mustard  Insect Myzus persicae/Brevicoryne Hodge et al. 2006
brassicae/Trichoplusia ni/
Plutella xylostella
Bromeliaceae  Ananas cosmosis L. Pineapple Nematode Meloidogyne Chinnasri et al. 2006
javanica/Rotylenchulus
reniformis
Cucurbitaceae  Cucumis sativus L. Cucumber Fungus Colletotrichum lagenarium Walz and Simon 2009
Colletotrichum orbiculare Jeun et al. 2004
Jeun et al. 2007
Nematode Meloidogyne javanica Sahebani et al. 2010
Oomycete Pseudoperonospora cubensis Walz and Simon 2009
Baider and Cohen 2003
Cucurbita pepo L. Squash Oomycete Phytophthora capsici Kone et al. 2009
Fabaceae Glycine max L. Soybean Abiotic stress Cadmium Hossain et al. 2012
Medicago sativa L. Alfalfa Insect Acyrthosiphon pisum Hodge et al. 2005
Phaseolus coccineus L. Runner Bean Insect Acyrthosiphon pisum Hodge et al. 2005
Pisum sativum L. Pea Fungus Uromyces pisi Barilli et al. 2010a
Barilli et al. 2010b
Barilli et al. 2012
Insect Acyrthosiphon pisum Hodge et al. 2005
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Family Plant Species Common Type of stress  Subsequent exposure for: Reference
name
Trifolium pratense L. Red clover Insect Acyrthosiphon pisum Hodge et al. 2005
Vicia faba var. major Broad Bean Insect Acyrthosiphon pisum Hodge et al. 2005
L.
Vicia faba var. minor L.  Tic bean Insect Acyrthosiphon pisum Hodge et al. 2005
Hodge et al. 2011
Lamiaceae Ocimum basilicum L. Basil Oomycete Peronospora belbahrii Mersha et al. 2013
Malvaceae Corchorus capsularis Jute Fungus Macrophomina phaseolina Ray etal. 2011
L.
Poaceae Pennisetum glaucum L.  Pearl millet Fungus Sclerospora graminicola Shailasree et al. 2001
Shailasree et al. 2007
Triticum aestivum L. Spring wheat Abiotic stress Drought Duetal . 2012
Triticum aestivum L. Wheat Fungus Fusarium graminearum Zhang et al. 2007
Rosaceae Malus domestica Apple Bacteria Erwinia amylovora Hassan and
Borkh. Buchenauer 2007
Fungus Alternaria alternata Reuveni et al. 2003 !
Penicillium expansum Zhang et al. 2011
Malus pumila Crabapple Abiotic stress Drought Macarisin et al. 2009
Rutaceae Citrus aurantifolia L. Lime Bacteria Xanthomonas citri Sharifi -sirchi et al.
2011
Citrus paradisi L. Grapefruit Fungus Penicillium digitatum Porat et al. 2003
Citrus sinensis L. Orange Fungus Penicillium italicum Tavallali et al. 2008
Citrus paradisi x Swingle Insect Diaphorina citri Tiwari et al. 2013
Poncirus trifoliata citrumelo
Solanaceae Capsicum annuum L. Pepper Fungus Colletotrichum coccodes Hong et al. 1999
Oomycete Phytophthora capsici Hwang et al. 1997
Lee etal. 2000
Sunwoo et al. 1996
Lycopersicon Tomato Bacteria Clavibacter michiganensis Baysal et al. 2005
esculentum Mill Hassan and Buchenauer
2008
Pseudomonas syringae Pseudomonas syringae
Ralstonia solanacearum Hassan and Abo-
Elysour 2013
Fungus Fusarium oxysporum Chamsai et al. 2004
Oidium neolycopersici Worrall et al. 2012
Nematode Meloidogyne javanica Fatemy et al. 2012

Oka etal. 1999

Sahebani and Hadavi

2009

34



Family

Plant Species

Common

name

Type of stress

Subsequent exposure for:

Reference

Vitaceae

Zigiberaceae

Nicotiana tabacum L.

Solanum tuberosum L.

Vitis vinifera L.

Zingiber officinale

Tobacco

Potato

Grapewine

Ginger

Oomycete

Oomycete

Virus

Fungus

Oomycete

Abiotic stress

Oomycete

Oomycete

Phytophthora infestans

Peronospora tabacina

Tobacco mosaic virus

Fusarium solani

Phytophthora brassicae

Phytophthora infestans

OG elicitor

Plasmopara viticola

Pythium aphanidermatum

Cohen 1994b

Cohen et al. 1994
Jeun et al. 2001

Cohen 1994a
Lazzarato et al .2009
Siegrist et al. 2000
Olivieri et al. 2009
Si-Ammour et al. 2003

Altamiranda et al.

2008

Andreu et al. 2006
Baider and Cohen 2003
Bengtsson et al. 2013
Cohen 20021

Eschen-Lippold et al.
2010

Floryszak-Wieczorek et
al 2012

Kim and Jeun 2007
Liljeroth et al. 20101
Olivieri et al. 2009
Si-Ammour et al. 2003

Dubreuil -Maurizi et al.

2010
Cohen et al. 1999

Dubreuil-Maurizi et al.

2010

Hamiduzzaman et al.

2005
Reuveni et al. 20011
Slaughter et al. 2008

Karmakar et al. 2003

1. Whole experiment or parts of it conducted in field.
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The BABA molecule

BABA is a non-protein amino acid and a derivative of carboxylic acid. It has a
carboxyl group at the first carbon atom and an amino group positioned at the
third carbon atom, thus the name (DL)-3-aminobutyric acid (Bf-aminobutyric
acid) (see Fig. 10). BABA is a racemate that can consist of both R- and S-
enantiomers, where the IR-effect has been shown to depend mostly on the R-
enantiomer (Cohen et al., 2011; Chamsai, 2004; Silué et al., 2002) (see Fig.
10). Further more, the 3-(f)-position of the amino group is crucial for BABA
activity in lettuce, since the two isomers 2-aminobutyric acid (AABA) and 4-
aminobutyric acid (GABA) were unable to induce resistance against Bremia
lactuacae (Cohen et al., 2011; Cohen et al., 2010) (see Fig. 10). This has been
confirmed by several other studies conducted in rape, sunflower, pepper,
grapewine, cauliflower, tomato and tobacco where AABA and GABA were
either less efficient or unable to induce resistance (Saéek et al., 2012; Silué et
al., 2002; Siegrist et al., 2000; Cohen et al., 1999; Hong et al., 1999; Tosi et
al., 1998). Thus, as suggested by Cohen et al. (2011), a specific stereoscopic
arrangement of the amino group on carbon 3 might be crucial for the binding
and activity of BABA. BABA has earlier been shown to be able to bind to
protein(s) in the cell wall of tomato, tobacco, potato and grapwine (Cohen et
al., 1999; Cohen & Gisi, 1994). However, no BABA-specific receptor(s) has
so far been discovered.

(0] (0] O

NH_
M HZN\/\)J\
Me OH Me

OH OH
NH;

a-Aminobutyric acid
(DL)-2-Aminobutyric acid
(AABA)

H NH2 ()I

Me OH

(R)-3-Aminobutyric acid
(R-BABA)

f-Aminobutyric acid
(DL)-3-Aminobutyric acid
(BABA)

hn, f9

Me OH

(S)-3-Aminobutyric acid
(S-BABA)

y-Aminobutyric acid
4-Aminobutyric acid
(GABA)

Figure 10. Chemical structures of: a-, B- and y-aminobutyric acid and BABA enantiomers.
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Natural occurence

BABA does normally not occur naturally in nature, but there are two reports of
BABA found in plants. The first report came in 1992, when Gamliel and Katan
found BABA in the root exudates from tomato. The second and latest report
came in 2009, when Pfautsch et al. (2009) found BABA present in the phloem
and wood of Eucalyptus regnans and two Acacia species. In addition Barrado
et al. (2009) have found BABA present in Spanish wines, when analysing
wines for the presence and quantity of eight amino acids. In contrast, the
BABA isomer, GABA, is widely abundant in both plants and animals. GABA
was found present in a plant for the first time more than 60 years ago, when it
was identified in potato tubers (Steward et al., 1949). In animals GABA, which
is present in the brain, acts as an important neurotransmittor. It is synthesized
in a short pathway called the GABA shunt (Bouché & Fromm, 2004, which in
addition to animals can be found also in bacteria, fungi and plants. The
pathway bypasses two steps of the tricarboxylic (TCA) cycle, hence the name
GABA shunt. Several roles has been suggested for GABA and the GABA
shunt in plants such as; contributing to the C:N balance, regulation of cytosolic
pH, protection against oxidative stress and insects as well as a role in signaling
and as an osmoregulator (Bouché & Fromm, 2004).

BABA transport

Early studies of BABA-IR found out that BABA can not only be taken up by
the plant through the root system and the abaxial surface of a leaf, but can also
be transported in both a basipetal and acropetal direction within the plant
(Navarova et al., 2012; Cohen et al., 1999; Cohen & Gisi, 1994). Furthermore,
studies conducted in tomato, tobacco and Arabidopsis, using *C-labeled
BABA revealed that BABA not is metabolized within the plant (Jakab ef al.,
2001; Cohen & Gisi, 1994). In a study by Cohen et al. (2010) the translocation
of BABA correlated with the observed systemic resistance. BABA has recently
also been found unmetabolized in a pea aphid that have been feeding on a bean
treated with BABA and in the pea aphid parasitoid (Hodge et al., 2011).

Mechanisms involved in BABA-IR

The mechanisms responsible for the obtained BABA-IR in plants remain
unclear. Mechanisms such as reactive oxygen species, HR, callose deposition,
lignin and PR-protein accumulation as well as biosynthesis of secondary
metabolites, HR- and lignin-related enzymes and of enzymes related to plant
secondary metabolism, have been reported to be involved in BABA-IR
(Justyna & Ewa, 2013). Other parts of the plant defence with a documented
role in BABA-IR are the hormone and amino acid signaling pathways (Justyna
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& Ewa, 2013). However, BABA-induced defence mechanisms seem to a high
degree be specific to the pathosystem. For instance the SA signaling pathway
has been shown to be involved in BABA-IR against virus and biotrophic
pathogens in plant species such as pepper, tomato and potato, all belonging to
the solanaceae family (Eschen-Lippold et al., 2010; Siegrist et al, 2000;
Hwang et al., 1997). However, the JA signaling pathway, but not the SA and
ABA (Abscicic acid), was active in BABA-IR against downey mildew in
grapewine (Hamiduzzaman et al, 2005). In Arabidopsis, ABA-dependent
priming for callose has been demonstrated to be involved in BABA-IR against
two necrotrophic pathogens, Alternaria brassicicola and Plectosphaerella
cucumerina, but also SA-dependent signaling has been reported for BABA-IR
in Arabidopsis, then against P. syringae DC3000 (Van der Ent et al., 2009; Ton
& Mauch-Mani, 2004). Thus the impact of BABA on hormone signaling is
complex and acts via interplay of several hormones.

Recently it has become clear that BABA also can cause major alterations in
plant amino acid balance, induce stress-responsive energy sensor protein
kinases, induce anthocyanin accumulation and reduce vegative growth in
Arabidopsis (Wu et al., 2010). Responses which all were restored or inhibited
by L-Glutamine. These findings suggest that BABA prime plants by stress
imprinting. The same group has also demonstrated that the BABA-responsive
L-type lectin receptor kinase-VI.2 (LecRK-VI.2) is needed for full BABA-IR
and priming of PTI in Arabidopsis (Singh et al, 2012). Another suggested
master regulator of BABA-induced priming in Arabidopsis is the putative
aspartyl tRNA synthetase, IBI. This was suggested in a recent report by Luna
and colleagues, whom also suggested that two separate pathways exist in
Arabidopsis for control of BABA-IR by priming and BABA-induced stress
(induced by high BABA concentrations) respectively (Luna et al, 2013).
Furthermore their preliminary results indicated that BABA-IR in tomato might
be regulated in a similar manner.

Advances in proteomic techniques for quantitative protein identification
have facilitated the search for proteins involved in BABA-IR. A proteomic
study conducted in crabapple in 2009, compared changes induced by ABA and
BABA treatment during drought stress (Macarisin et al., 2009). Results
revealed that BABA-IR against drought shared some patterns of protein
expression with the ABA-treated sample, but some were unique to BABA. The
BABA-primed drought tolerance in crabapple were also suggested to involve
changes in cell wall enzymes and suppression of lignin pathway (Macarisin et
al., 2009). Jelonek and colleagues used a proteomic approach for identification
of possible molecular markers for primed defence mediated by nitric oxide
(NO) in potato (Arasimowicz-Jelonek et al., 2012). This since an earlier study
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by the same group showed that some inducers caused a rapid increase in NO
synthesis in primed potato leaves (Floryszak-Wieczorek et al., 2012). In the
proteomic study, proteins induced in potato leaves after treatment with four
different inducers, BABA, GABA, laminarin and 2, 6-dichloroizonicotinic acid
(INA) and in potato leaves treated with the NO-donor, GSNO, were identified.
Results from 2-DE analysis and mass spectrometry revealed accumulation of
25 proteins after treatment with the four inducers, 13 protein spots in common
for all inducers and GSNO and five leaf proteins only induced by BABA and
GSNO (Arasimowicz-Jelonek et al., 2012). The last five were identified as
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), fructose-biphosphate
aldolase, a chloroplastic oxygen-involving enhancer protein 2, a cytosolic
nucleoside diphsophate kinase and a hypothetical protein.

Another comparative proteomics study between BABA and BTH,
conducted in pea against Uromyces pisi, showed that BTH and BABA operated
via different mechanisms (Barilli ef al., 2012). BABA activated proteins within
the phenolic biosynthesis pathway, whereas BTH seemed to induce more
defence- and stress-related proteins.

Costs and benefits related to plant growth and development

A recent publication reported a trade-off between yield-improved cultivars and
the ability to mount induced resistance and further suggested that the different
response between genotypes to inducers is due to domestication (Cordova-
Campos et al., 2012). In general direct activation of plant defence is associated
with high allocation costs (Walters & Heil, 2007; van Hulten et al., 2006).
However, whether the induction will cost or not might depend on the
concentration used. For instance, pearl millet and sunflower seeds treated with
BABA, resulted in taller plants with higher fresh weight and larger leaf area as
well as increased seed germination and seedling vigor, respectively
(Nandeeshkumar et al., 2009; Shailasree et al., 2001). On the other hand,
higher concentrations resulted in inhibited seed germination and inferior
seedling condition. Studies conducted in potato, has shown to result in
improved or unchanged tuber yield (Liljeroth et al., 2010; Olivieri et al., 2009).
To confirm that BABA-IR not has a cost in growth and reproduction,
experiments need to be conducted in a disease- and stress-free environment.

If the cost outweights the benefits of a constitutively activated defence may
also depend on other factors than concentration. The magnitude of the disease
pressure is an important factor, where the benefits from the obtained IR can be
superior to the cost in growth and development in case of high disease
pressure. In addition, it might be that a clonally propagated crop like potato
suffers less from a potential cost than sexually propagated crops, since a cost

39



associated with seed production and germination not will be a problem.
However, a cost in terms of tuber vitality can presently not been ruled out. The
cost will also depend on the way and timing of application, where treatment of
seed and younger plants more likely will suffer from a cost than older plants
treated slightly before harvest.

2.6 Biosurfactants

Surfactants are amphiphilic molecules, which mean that they possess both
hydrophilic and lipophilic properties. They adsorb preferentially at the
interface between fluid phases (oil/water or air/water) and reduce surface
(liquid-air) and interfacial (liquid-liquid) tension, thus allowing the two phases
to mix and interact. This happens at surfactant concentrations above the critical
micelle concentration (CMC), when micelles, bilayers and vesicles are formed
(Pacwa-Plociniczak et al, 2011) (Fig. 11). The CMC is affected by
temperature, pH and ionic strength (Mulligan, 2005). Due to the surfactants
foaming capacity and ability to reduce surface tension and facilitate solubility
etc., synthetic surfactants are widely used in the industry as adhesives,
emulsifiers, de-emulsifiers, penetrants and as flocculating, wetting and foaming
agents (Mulligan & Gibbs, 2004).

Surfactants that are produced by microorganisms are named biosurfactants
and are considered to have lower toxicity compared to many synthetic
surfactants due to faster bio-degradability (Lin, 1996). Biosurfactants also have
high specificity and can function under extreme conditions (Sachdev &
Cameotra, 2013). For commercialization of biosurfactants there is a problem to
obtain an economical large-scale production due to expensive substrates, low
yields, unpure products and limited product concentrations (Makkar et al.,
2011). Wastes from the agricultural industry are considered to have great
potential to be used as substrate to a relative low cost (Makkar et al., 2011).

Biosurfactants have been shown to have many different roles in nature. For
example they have a role in increasing surface area and bioavailability of
hydrophobic water-insoluble substrates, binding of heavy metals, pathogenesis,
antimicrobial activity, regulating the (de)-attachment of microorganisms to and
from surfaces, emulsifier production, quorum sensing as well as a role as
bioemulsifiers in biofilm (Ron & Rosenberg, 2001).
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Figure 11. Graph over the relationship between surfactant concentration and surface tension.
Surfactant monomers are gathered in micelles when the critical micelle concentration (CMC) is
reached. © The graph is adapted from  Pacwa-Plociniczak et al, 2011
(http://creativecommons.org/licenses/by/3.0/).

2.6.1 Different biosurfactant classes and their role in disease control

Biosurfactants are divided in following groups: glycolipids, phospholipids,
fatty acids, neutral lipids, lipopeptides, polymeric and particulate compounds
(Mulligan, 2005) (Table 2). Some biosurfactants are low-molecular weight
molecules that can lower surface and interfacial tension, whereas the high-
molecular weight molecules can bind tightly to surfaces (Ron & Rosenberg,
2001).

One of the earliest reports of a role for biosurfactants in disease control
came from Stanghellini and Miller (1997). In their study, rhamnolipids, a well-
known group of biosurfactants, caused zoospore lysis by intercalation into the
zoospore membrane. Rhamnolipids produced by P. aeruginosa have also been
shown to induce resistance against Botrytis cinerea in grapevine and are
characterized as MAMPs by Varnier et al. (2009). Other identified
biosurfactants with ability to induce plant defence against pathogens are the
lipopeptides, surfactin, fengycin and massetolide A (Jourdan et al., 2009;
Ongena et al., 2007; Tran et al., 2007). In the study by Tran et al. (2007),
massetolide A purified from P. fluorescens SS101 and applied to the lower
leaves of tomato, was able to induce systemic resistance against P. infestans by
reducing the size of the lesions in the upper leaves.

41



The mechanisms behind biosurfactants elicitation of ISR in plants are still
unknown, but it has been suggested that surfactin, from Bacillus subtilis,
transiently disturb the plant plasma membrane rather than bind to a specific
receptor, thereby triggering a defence response (Jourdan et al., 2009).

Table 2. Biosurfactant classes'

Fatty acids, phospholipids and Lipopeptides ~ Polymeric Particulate
Glycolipids neutral lipids compounds compounds
Rhamnolipids Corynomycolic acids Surfactin Emulsan Vesicles
Trehalolipids Spiculisporic acid Lichenysin Alasan Whole microbial

cells

Sophorolipids Phosphatidylethanolamine Massetolide A Biodispersan
Mannosylerythritol Viscosin Liposan
-lipids

Serrawettin
Iturin

Fengycin

Mannoprotein

1. Table adapted from Pacwa-Plociniczak et al., 2011 (http:/creativecommons.org/licenses/by/3.0/).
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3 Aim and objectives

The phenomenom of induced resistance (IR) is well known, but the
mechanisms behind are still not fully understood. Most studies of IR have been
conducted under controlled environments and it remains unclear whether the
effect will be maintained in the field. One goal with this thesis was to
investigate if integration of induced resistance to existing strategies could be a
way to decrease the amount of fungicides needed for late blight control in the
field. Another goal was to elucidate how the potato defence is affected by
BABA on a molecular level. The more specific objectives were to:

- determine if BABA applied in combination with a fungicide could contribute
to late blight control in field grown potato (Paper I).

- find out if application of a Pseudomonas koreensis strain or its biosurfactant
could decrease late blight infection in detached potato leaves (Paper II).

- determine if BABA induced resistance in potato acts through priming or by
direct activation of defence mechanisms (Paper III).

- find out if P. koreensis or its biosurfactant can prevent late blight infection of
intact potato plants and if they can induce defence responses (Paper IV).

- obtain transcriptomic and proteomic data that could help to better understand
the mechanisms behind BABA induced resistance in potato (Paper V).
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4 BABA-IR to P. infestans in potato

4.1 The potential of combining BABA with fungicides to control
late blight in potato (paper I)

Induced plant resistance against abiotic and biotic stress due to application of
BABA is well studied under controlled environments in greenhouse, but only a
few studies have been conducted in field (Table 2). More studies conducted in
field are needed to find out if application of BABA or other inducing agents
could be an alternative to fungicide application. Late blight is an extremely
severe disease of potato and it is not likely that fungicides entirely could be
exchanged with BABA for the purpose of late blight control, but by integrating
BABA in existing management strategies, the total amount of fungicide could
potentially be lowered.

The results from the field studies conducted in 2007 and 2008 revealed that
weekly foliar application of BABA had a small effect on the late blight
infection, with 1-3 days delay of the infection process. However, when BABA
was combined with a 20-25% reduced dose of the fungicide Shirlan and
applied weekly to the foliar in field, the effect was just as good as with full
dose of Shirlan (Fig. 12).
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Figure 12. Development of Phythophthora infestans infections in field experiments conducted at
two different locations with the potato cvs. Bintje and Superb. The plants were treated with
different doses of Shirlan and BABA once per week. Reproduced from Liljeroth et al., 2010 with
kind permission from Springer Science and Business media.

This effect, confirmed in greenhouse experiments, was shown to be additive
rather than synergistic as reported of in other studies (Baider & Cohen, 2003).
In the present greenhouse study foliar treatment was more efficient than soil
application of BABA. Furthermore, results from both the field and greenhouse
experiments, showed a clear dose-response effect and cultivar difference in
response to BABA. The partially resistant cultivars responded better than the
susceptible cultivar Bintje. However, since the susceptible cultivar Desiree also
responded well to BABA as shown in paper V, the original level of resistance
might not correlate with the level of IR obtained by BABA. Differences in
inducibility between cultivars and independence of degree of partial resistance
level has been reported for BABA in tomato (Sharma et al., 2010) and is
something that must be considered when integrating IR in control strategies.
Knowledge about varieties that respond differently to BABA, might reveal
important mechanisms behind BABA inducibility.

The durability of the obtained disease control when applying IR is another
important factor to consider. The greenhouse experiments showed that the
observed diesease reduction, which where in the range of 40-50% by foliar
treatment with, 10mM BABA, had a durability of 4-5 days before the effect
declined. This has the consequence that BABA would need to be applied at
least once per week, which is the normal praxis for fungicide application in
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Sweden. Whether even more frequent applications of BABA to field grown
potatoes would improve late blight control further, remains to be investigated.

One of the most important findings was that weekly application of BABA,
at most 13 applications, did not cause any significant change in tuber yield.
However, a metabolic cost caused by BABA cannot be ruled out. To do so, the
experiment would need to be conducted in a totally disease free environment
without outer stress exposure. However for potato, which is most often
exposed for late blight, it is important that BABA treatment does not affect the
yield in an environment with high disease pressure. Costs in terms of canopy
growth or seed viability would be of less importance since potato is a clonally
propagated crop.

A reduction of fungicide use by 20-25% may sound insignificant, but still
means less fungicides spread in nature. One thing to keep in mind is that the
field experiments are conducted under an extremely high infection pressure,
due to rows with uncontrolled infector plants with the susceptible cultivar,
Bintje, in the middle of the field (Fig. 13).

Infector plants

i Sy 2L | Pl & AR
Figure 13. Photo taken at the field trial in Borgeby, August 2008. The arrows show the row with
infector plants consisting of untreated plants of cv. Bintje. Photo: E. Liljeroth.
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It is not unrealistic to speculate that the infection process could be delayed
longer in a common agricultural field, where all plants are treated and only
cultivars that respond well to BABA are used. Another observation was that
BABA appeared to reduce sporulation of P. infestans in greenhouse trials. This
effect was most probably diminished in the field trials due to high sporulation
within the infector plants, but might have an impact on the epidemics in
common agricultural fields.

Integration of IR, by e.g. BABA, in combination with the best responsive
cultivars and with a lower fungicide concentration, may be a more durable
protection strategy since that would take longer time for P. infestans to
overcome.

4.2 Direct activation of basal defence mechanisms and HR-like
lesions (paper Ill)

As demonstrated in the first study (paper 1), BABA has the potential to
induce resistance against P. infestans in potato both in greenhouse and in field,
but the inducibility varies between cultivars. Even if BABA-IR is a well
studied phenomenon (Table 1), the mechanisms involved still puzzles and has
been shown to differ depending on the plant-pathosystems (Justyna & Ewa,
2013).

Microscopy, secretome and HPLC analysis of BABA-treated leaflets were
performed in two potato cultivars (cv.) Bintje and Ovatio, during late blight
infection. This in order to further understand how BABA affects basal defence
responses such as HR, H,O, production, PR-1 accumulation, callose deposition
and phenol composition. As seen in the previous study (paper I) the well
inducible cv. Ovatio developed small necrotic spots all over the leaves two
days after foliar treatment with BABA, while no such lesions were observed on
leaves of the less inducible cv. Bintje prior to infection (Fig. 14). The results
from this study revealed that these necrotic spots resembles HR lesions with
production of H,O, within the epidermal cells, and consists of clusters of dead
mesophyll cells surrounded by callose depositions. Interestingely, HR-like
lesions were visible also in cv. Bintje 24 hours after detachment of the leaflets
from the plant. In Bintje, H,O, production and callose deposition within the
HR-like lesions occured only when the leaflets subsequently were infected
with P. infestans, in contrast to Ovatio where this response was induced
irregardless of infection. Clusters with dead cells within the HR-like lesions
were visible also in non-inoculated Bintje.
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Figure 14. Potato leaves 48 h after treatment with 10 mM BABA, with HR-like lesions visible in
cv. Ovatio. Left; cv. Bintje, right; cv. Ovatio. Photo: T. Bengtsson.

PR-1 occurred at a low basal level in both cultivars 48 h after treatment with
water or BABA at concentrations below 10 mM. After treatment with the
BABA concentration needed for effective late blight control in potato, 10 mM,
PR-1 was further accumulated in the apoplast, to a higher degree in cv. Ovatio
than in cv. Bintje. The response of phenolic compounds also varied between
the two cultivars. In cv. Ovatio, the levels of arbutin and three chlorogenic
acids significantly increased after BABA treatment, whereas in Bintje, BABA
only caused a significant increase of arbutin. Subsequent late blight infection
did not further affect the composition of phenolics.

As the results from this study implies, IR in potato by 10 mM BABA, seem
to act through direct activation of the basal defence responses rather than
through priming. This finding together with the development of HR-like
lesions, leads to the question if the observed BABA-IR in potato simply is a
result of BABA toxicity. It might be that it is a matter of dose-dependency.
Higher concentration would most likely result in killing the plant, whereas a
lower concentration will be just enough to trigger the plant to a defence “ready
state”-mode.

In a recent performed experiment, HR-like lesions were observed
macroscopically in 17 of 26 tested potato varieties two days after foliar
treatment with 10 mM BABA (Table 3). The preliminary results suggest that
the appearance of HR-like lesions do not correlate with the inherent level of
partial resistance. Results from analysis by mass spectrometry of the secretome
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from all of the mentioned 26 varieties will soon be available. Hopefully, these
results can reveal protein changes in common for the varieties developing HR-
like lesions. If the difference in inducibility between potato varieties depends
on differences in sensitivity for stress, in basal defence mechanisms, in
recognition of BABA or in morphology e.g. different leaf structure that may
affect the uptake of BABA, remains to be investigated. The HR-like lesions are
most likely not the main function, if they have any function at all in BABA-IR.
However, they might correlate with a varieties’s degree of inducibility. This is
something that will be tested among the 26 varieties (Table 3). If so, it would
facilitate the screening of varieties to be selected for IR-management in
agriculture and/or future breeding of IR responsive cultivars.

4.3 BABA-induced changes of potato transcriptome and
apoplast secretome (paper V)

This study of BABA-IR in potato indicates that BABA act through direct
activation of defence responses in potato, and the effect depends on both
variety and dose. The results also points to that BABA treatment could stress
potato plants. The transcriptome and secretome of potato leaves of cv. Desiree
treated with 1 or 10 mM BABA, was therefore analyzed in order to obtain
insight in the molecular changes following treatment with BABA.

The 10 mM BABA treatment caused major changes in gene expression with
3272 up- and 2106 downregulated transcripts and also changes in the
apoplastic protein abundance with 50 up and 41 downregulated. In contrast,
only six transcripts and 24 proteins in total were affected by ImM BABA and
only one protein a mutT/nudix domain protein was upregulated by both
concentrations. This low overlap between transcript regulation and apoplast
protein abundance, confirms the value of using a combined approach in the
search for molecular markers.

After 10 mM BABA a major accumulation of PR-proteins and changes
within the amino acid and hormone metabolism were evident. A general amino
acid stress induced by BABA has earlier been observed in Arabidopsis (Singh
et al, 2010) and present results suggest that this also occur in potato.
Interestingely the sterol biosynthesis, part of the mevalonate pathway, were
repressed whereas the sesquiterpene phytoalexin biosynthesis, another branch
of the mevalonate pathway, was induced. A negative correlation between
sterols and non-host resistance to P. infestans has recently been reported by
Kopischke et al. (2012), thus this down-regulation might be a crucial step in
BABA-IR against P. infestans. It might also play a role in BABA-IR against
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Table 3. Varieties treated with 10 mM BABA and screened for development of macroscopic HR-

like lesions

Resistance to late blight on foliage

Potato variety

Development of
macroscopic HR-like

lesions

High to very high"*
High to very high"*
High’

High’

High’

Medium to high’
Medium to high’
Medium to high’
Medium to high*
Medium'

Medium'
Medium"**
Medium"*
Medium’

Medium*

Medium*

Low to medium"*
Low to medium’
Low to medium’
Low to medium®
LOWI.Z

Information not found
Information not found
Information not found
Information not found

Information not found

Sarpo Mira
Toluca
SW04-3262
SW03-2402
SW04-2662
Ovatio
Superb
SW04-2081
Tivoli
Magnum Bonum
Asterix
Desiree
Sava
SW04-2669
Jutlandia
Hanna

King Edward
SWO01-1224
SW03-2385
Fakse
Bintje
Royal
Senna
Ballerina
Maestro
Vivi

+

o+ o+ +

+

+ o+ o+ o+ +

1. Information retrieved from The European cultivated Potato Database.
2. Observations from our own performed detached leaf assays (paper I, V).
3. Results from field trials, personal communication Ulrika Carlson-Nilsson, SLU, Alnarp.

4. Information retrieved from www.Euroblight.net.
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other oomycetes, since oomycetes are depending on their hosts for acquisition
of sterol compounds essential for reproduction (Hendrix, 1970).

The major changes observed at the transcript level after treatment with 10
mM BABA might suggest yield penalty. However, no influence on potato
yield, in terms of tuber yield, was observed in the previous study conducted in
field (paper I). Thus, the results from this study might provide us with possible
candidates or markers for improved resistance without major influence on
potato yield.
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5 The use of a biosurfactant for late blight
control in potato (paper I, IV)

Treatment of potato leaves with Pseudomonas koreensis strain 2.74 or its
biosurfactant 24 h prior to late blight inoculation resulted in statistically
significant disease reduction. The biosurfactant was tested for the ability to
inhibit mycelial growth of P. infestans. Results showed that only the highest
concentration (Img/ml) was toxic to P. infestans mycelia, and therefore other
factors than mycelial inhibition most likely explain the significantly reduced
infection obtained by the lower biosurfactant concentrations. No effect on
sporangia production could be seen in pure culture after treatment with the
biosurfactant.

Mixing the biosurfactant with the inoculum for 5 min before applying it to the
detached potato leaves, resulted in a clear disease reduction. Thus the effect of
the biosurfactant on zoospores was evident and the mechanism behind it might
be destabilization of the zoospore membrane leading to lysis of the P. infestans
zoospores similar as for P. quercina zoospores (unpublished results) (Figure
15).

In contrast to the study with detached leaflets, where both the bacteria strain
and the biosurfactant had an effect on the late blight infection, only the
biosurfactant was effective when using intact plants (paper IV). It could be that
a higher bacterial concentration is needed when using intact plants. Analysis of
the secretome in the apoplast of Ovatio showed that the biosurfactant also
induced secretion of PR-1 and other unidentified proteins. Further
identification and quantification of the secretome might reveal an answer to if
the biosurfactant can induce other potato defence responses.

Taken together the results from experiments with P. koreensis and its
biosurfactant again demonstrate the different responses among varieties and the
importance to select the best suitable variety.
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Sporangium releasing
Zoospores

Biosurfactant intercalation
into the zoospore membrane

Lysis of zoospore

Figure 15. Ilustration showing how the biosurfactant used in this study causes lysis of zoospores
of Phytophthora quercina, a pathogen to oak. lllustration: M. Hultberg, Photos: K. Bliimenstein.
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6 Conclusions

Combining different control strategies in potato cultivation can result in lower
fungicide usage without decreased efficacy in disease control.

- BABA applied in combination with a fungicide can contribute to late blight
control in field grown potato

The late blight control in field was maintained with the 20-25% lower dose of
fungicide, when it was combined with BABA. No cost penalty in terms of
reduced tuber yields due to BABA application was observed. BABA applied to
the potato foliage reduced late blight infection with up to 40% in detached leaf
assays and were more efficient than soil application. The effect was both dose-
and cultivar-dependent and lasted up to five days post treatment.

- Treatment with 10 mM BABA activates defence responses in potato

BABA treatment at a concentration of 10 mM, led to PR-1 accumulation
within the apoplast and increased levels of phenolic substances. Treatment with
10 mM BABA also resulted in HO, formation and clusters of dead mesophyll
cells within HR-like lesions, which were surrounded by callose. The impact of
BABA on the potato defence responses differed between the two cultivars
Ovatio and Binte, with more pronounced effects in cv. Ovatio.

- BABA treatment causes a massive activation of the potato defence

Treatment of the potato leaf canopy with 10 mM BABA resulted in more than
5000 differentially regulated transcripts and 90 proteins with a differentially
changed abundance. In contrast only six transcripts and 24 proteins were
differentially regulated by 1 mM BABA. Treatment with 10 mM BABA
caused major changes in genes involved in hormone and amino acid
metabolism and induction of several known PR-proteins. In addition several
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transcripts within the sterol biosynthesis were downregulated. The only protein
upregulated by both concentrations were a MutT/nudix domain protein.

- The Pseudomonas koreensis strain 2.74 and its biosurfactant can decrease
late blight infection in detached leaf assays

Application of P. koreensis and its biosurfactant 24 h prior to infection caused
significant reduction of late blight lesions on detached potato leaves. A clear
disease reduction was also evident when mixing the inoculum with the
biosurfactant during 5 min prior to infection, indicating a direct effect on the
zoospores. No toxic effect of the biosurfactant was observed on P. infestans
sporangia production in vitro and only the highest concentration (Img/ml)
significantly reduced mycelia growth rate. The obtained level of disease
control varied between the cultivars.

- The biosurfactant is able to decrease late blight infection and induce PR-1
accumulation within the leaf apoplast of intact potato plants in greenhouse
Pretreatment of intact potato plants with the biosurfactant, but not with the
bacteria strain, decreased late blight infection. In addition the biosurfactant
showed an induced accumulation of PR-1 and other unidentified proteins in the
apoplast of cv. Ovatio, indicating that the biosurfactant can activate basal
defence responses in potato.
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7 Future perspectives

Incorporation of IR to current disease management programmes by applying an
inducing agent alone or in combination with a fungicide could be a more
durable strategy with lower usage of fungicides. Late blight control today is
dependent on frequent applications of fungicide. However, restrictions for
fungicide use are becoming more constrained within EU, at the same time, as
there is a prevailing problem with fungicide resistance. Thus alternative
strategies are needed for late blight control in the future. IR could be an
alternative, especially for IP-cultivation. BABA is presently an expensive
chemical, but there are other abiotic inducing agents such as phosphite
available on the market to a relatively low cost. Phosphite has been shown to
have a good effect in field trials against e.g. potato late blight. Since direct
activation of plant defence most often has a metabolic cost for the plant, it is
important to find out if this could have a negative effect on the yield before
integrating IR in a system. In the case of potato no yield penalty was seen in
present field trials, maybe because the IR effect, i.e. decreased disease,
overweighted the costs. However, possible yield penalties under disease free
conditions need to be evaluated in the future.

Results from the transcriptome and secretome analysis provide a large
resource to search for mechanisms responsible for the BABA-IR. For example,
it would be interesting to further investigate the role of the MutT/nudix domain
protein as well as of the sterol biosynthesis in BABA-IR against e.g. P.
infestans in potato. In addition, the ongoing screening of the secretome of
different cultivars treated with BABA will hopefully provide an important tool
to find BABA-specific markers. It will be interesting to find out if the BABA-
induced HR-like lesions can be used as a tool to find cultivars that respond
well to BABA. This would be a cheap and easy way for cultivar selection.
Future experiments to find out if breeding for yield-improved cultivars is
reached at the expense of the potato plant’s capacity to express IR as seen in
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beans (Cordova-Campos et al., 2012), would further help breeders with
cultivar selection.

Evidence is pointing to an inheritance of BABA-IR to the progeny
(Slaughter et al., 2012). It would therefore be of high interest to investigate if
IR applied in the production of seed tubers would have an effect on late blight
infection in the subsequent crop.

The direct effect on zoospores, the possible capacity to mount defence
responses to late blight in potato and the low toxicity of the biosurfactant
makes it an interesting candidate for disease control. Future experiment
conducted in field with applications of the biosurfactant alone or in
combination with an inducing agent will determine if the biosurfactant has a
future in agriculture.

Since IR is host-specific it is to a high degree influenced by the genotype
and environment. Therefore, studies such as this are important to increase the
knowledge of how IR can be used in practice and what factors should be taken
into consideration. It is also important to prove to farmers that it is possible to
reduce the amount of fungicide without affecting the efficacy of disease control
or the yield. However, the economical gain from using IR is something that has
to be proven before IR will become accepted as a regular crop protection
strategy.
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