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ABSTRACT
The anthracnose pathoge@olletotrichum gloeosporioide@Penz.) Penz. & Sagcis a
major cause of disease in the avocado industrysimgusignificant economic losses, and
infects all cultivars. In South Africa, Fuerte alddss varieties are the most widely grown.
Identification of genes differentially expressedavocado during infection with the fungus
represents an important step towards understanti@gplant's defence responses and
would assist in designing appropriate intervenstrategies. In this study, 454 sequencing
and analysis of the transcriptome of infected Fuextocado fruits were performed using
the Roche 454 GS FLX Titanium platform. cDNA libesr enriched for differentially
expressed genes were constructed from unharvestkédharvested avocado fruit tissues
collected after 1, 4 and 24 h post-infection artdra3, 4, 5 and 7 day post-infection, then
sequenced.The expression profiles of the genesssga were measured by a hierarchical
clustering algorithm.Subsequently, quantitativel-tmae PCR was employed to measure
the expression of some candidate resistance genastliracnose disease and to validate
the sequencing results. The single sequencing roduped 215 781 reads from the
transcriptome. A total of 70.6 MB of sequence dedas generated and subjected to BLAST
searches of which about 1500 genes encoding psof@iedicted to function in signal
transduction, transcriptional control, metabolishefence, stress response, transportation
processes and some genes with unknown functions identified. The expression profiles
studies showed that many expressed genes were @gltg down regulated after infection
in avocado fruits when compared to the uninfectath@e. Salicylic acid and ethylene
were identified to be involved in the signallingtwerks activated in avocado fruit during
C. gloeosporioidesnfection. This study showed that avocado is dbleespond taC.
gloeosporioidesinfection by exhibiting a sophisticated molecutarstem for pathogen

recognition and by activating structural and biouleal defence mechanisms.
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1.1 INTRODUCTION

Avocados Persea americanaMill.) which originated in Central America and Sbhatn
Mexico (Cheret al, 2008) and are recognized today to be one ofmbst sought after food
sources worldwide. They are produced on a largke scanore than 30 countries around the
world and because of their appeal it is an industay continues to grow. Avocado fruits are
known throughout the world to be good for healtld antritious. In nutrition, they are
pressed for oil, blended into dessert drinks, useshake guacamole and in sushi, given as
wedding gifts, eaten with ice cream, added to dsalar eaten alone (IFAS, 2006). This fruit
contains one to two times more protein than aneroftuit, is rich in minerals such as
manganese, phosphorous, iron and potassium, botvisn sodium, and also contains the
vitamins niacin, vitamin E, vitamin C, 3-carotertleiamin, riboflavin, nicotinic acid and
folate (Raineyet al, 1994). Besides their nutritional value, avocadmstribute to
maintaining good cholesterol (HDL) and are effextin lowering bad blood cholesterol
(LDL) (Naveh et al, 2002). In cosmetics, avocado oil has great powérpenetration
compared to other vegetable oils due to the faat th conveys the vitamins and the
nourishment to the glands that lie just beneathstie. In addition, it is particularly rich,
nourishing and invaluable in creams and lotionsstarburn and sensitive skin. Avocado oil
has therapeutic benefit because of its healinggrmexgitive and moisturizing properties and is
also reputed to be beneficial in reducing age spats the healing of scars (Eyresal,

2001).



Avocados are a commercially valuable crop whosesti@nd fruit have been the object of
much research throughout the world, particularlypouth Africa. For example, Sanders and
Korsten (2003) undertook research to determinevittibence ofC. gloeosporioidessolates
collected during a market survey of post-harvestase incidence on avocados and mangoes
and their cross-inoculation potential with eacheotas well as on papayas, strawberries,
peppers, guavas and citrus. Research by Pruskycasdorkers have demonstrated an
excellent correlation between resistance of unapecado fruit toC. gloeoesporiodesand

the presence of antifungal fatty acid derivativeghie fruit peel (Prusky and Keet93).

Avocado is grown in the subtropical environment rehléke others crops it is susceptible to
many pathogen attacks such as fungi which commiealy to important reductions in yield
and quality of avocado fruit. For example, posteatvfungal diseases like anthracnose and
black spot limit the shelf-life of most fruit crojsie to their high susceptibility (Pernezety
al., 2000). In South Africa, avocado black spot (@spora spot) caused by
Pseudocercospora purpurg&ooke)is still the most serious pre-harvest disease (Boyu
and Bard, 2002). The phytopathogenic fundgisljetotrichum gloeosporioidedenz.) Penz.

& Sacc., responsible for anthracnose is the mogitant post-harvest pathogen which
attacks a wide variety of tropical and subtropifraits (Coateet al., 1993) and causes
significant economic losses in tropical, sub-trap&nd temperate regions and it also reduces
the shelf life of fruits during storage, transparnd hampers market access (Freeetaal,
1998). In addition, these pathogens have the wbdiinfect the fruits and remain quiescent

until post-harvest, when the typical symptoms dawekxtending losses to merchants and



consumers (Freeman, 2000). In South Africa, thessels represent a substantial portion of

avocado export revenue (Donkin and Oosthuyse, 1996)

Plant disease problems are becoming more externs#eause of the development of
pathogen resistance to fungicides and the withdrafvgesticides due to environmental
reasons related to pollution (Agrios, 2005). Pldrgge evolved their own powerful defence
mechanisms to prevent and limit disease on devsjojpuit. These include biochemical and
physical barriers to pathogen invasion, which cduédconstitutive or inducible in nature
(Agrios, 2005). Consequently, there is a greatré@stiein determining the natural resistance
mechanisms of unripe fruits to fungal pathogens #edextension of its effectiveness to
fruits after harvest (Ziogas and Girgis, 1993)nPlisease resistance is a prerequisite for the
successful use of crop species in modern agrieultu€onventional breeding approaches
have been very successful in introducing resistageees from wild populations into
commercial crop cultivars harvest (Ziogas and GjrP93). In general, the use of resistant
cultivars is the most suitable method for diseasetrol although the extensive use of
pesticides and fungicides remains the main stratégyisease control (Quirino and Bent,

2003).

The focus on molecular biology over recent yearssitmgproved our understanding of plant-
pathogen interactions through the identificatiormafumber of endogenous resistance genes
and analysis of signalling pathways leading to hiypersensitive response and systemic
acquired resistance. The breakthrough has enalded sophisticated breeding strategies in

commercial cultivars to be employed using markeisasd breeding (Ayliffe and Lagudah,



2004).Transgenic classical breeding approaches weed to introduce single dominant
genes such ag¢f and others into apple plants for resistance agajsie scab (Gygaet al,
2004). The understanding of disease resistancey tdda to the completion of rice and
Arabidopsisgenome sequences (Gadt al, 2002) and current sequencing of crop plant
genomes associated with improved knowledge of pliefence response mechanisms
through functional analyses will result in the depenent of novel pesticides capable of

activating plant defence responses.

The present review introduces avocado and the sBsa@thracnose. In addition, an overview
of pathogen attack and plant defence response misom& is presented. Finally, the
literature review is put into context through dission of the aims of the project and
experimental approaches adopted in this studyuciddte defence response mechanisms in

avocado fruits.

1.2THE HOST: AVOCADO

1.2.1 Classification

Avocado is classified as follows (Navehal, 2002):
Kingdom : Plantae

Division : Magnoliophyta

Class : Magnoliopsida

Order  : Laurales

Family : Lauraceae



Genus Persea

Species :americana

1.2.20rigin and distribution

The cultivated avocado originated in Southern Mex@entral and South America where its
fruit has been used as an integral part of thalldet for thousands of years (Snowdon,
1990). The Aztecs considered avocados an aphrodaia called it huacatl, meaning
testicles, referring to the way they hang from tilees and the fruit’s shape. In Peru, Chile,
and Ecuador avocado is called palta, an Incan n&panish-speaking people also call it
aguacate, cura or cupandra. They are known as tawoe&ocatier in France and as abogado
in Spain. The avocado is botanically classifiedoithree races: West IndiarPdrsea
AmericanaMiller var. americand, Mexican Persea AmericanaMiller var. drymifolia
Blake), and GuatemalarP( nubigensar. guatemalensis Williams) (Bergh and Lahav,

1996).

The avocado is grown commercially not only in Aroarand throughout tropical America
and the larger islands of the Caribbean but in iesia, the Philippines, Australia, New
Zealand, Madagascar, Cameroon, Mauritius, Mad#éwa Canary Islands, Algeria, tropical
Africa, South Africa, southern Spain and southerange, Sicily, Crete, Israel, Egypt and
others countries. Avocados were introduced to Sditlta between 1652 and 1700 by
Dutch settlers, who brought seedlings from the Waslies and other Dutch colonies

(Durand, 1990). In South Africa, the Mexican and stVéndian varieties are of little



economic importance. The natural hybrid of the Mari and Guatemalan races is Fuerte,

the most popularly grown cultivar (Durand, 1990).

In South Africa, avocado production is concentratesdnly in the warm subtropical areas of
the Limpopo and Mpumalanga provinces in the Norist®f the country between latitudes
22°S and 25'S. They are also grown also grown commerciallyartain areas of KwaZulu-
Natal. The harvest season for South African avogasitetween March and October. Most
of the major cultivars are available over an exéehderiod during the season because of the
climatic variability between growing regions. Fosiance in the northern regions, Fuerte is
harvested from mid-March to May, and is harvesteduly and August in KwaZulu-Natal

(Donkin, 2007).

1.2.3 Description and varieties

According to the description of Morton (1987), thsocado tree is usually 9 m, but
sometimes is 18 m or more, with a trunk 30 to 60icmiameter, (greater in very old trees)
or it may be short and spreading with branchesedioghe ground. Almost evergreen, leaves
being shed briefly in dry seasons at blooming tithe,leaves are alternate, dark-green and
glossy on the upper surface, whitish on the undersiariable in shape (lanceolate, elliptic,
oval, ovate or obovate), 7.5 to 40 cm long. Thexigln race is strongly anise-scented.
Small, pale-green or yellow-green flowers are bgumafusely in racemes near the branch
tips. They lack petals but have 2 whorls of 3 pghdobes, more or less pubescent, and 9

stamens with 2 basal orange nectar glands. Thie irear-shaped, often more or less necked,



oval, or nearly round, may be 7.5 to 33 cm long apdo 15 cm wide. The skin may be
yellow-green, deep-green or very dark-green, réddigple, or so dark a purple as to appear
black, and is sometimes speckled with tiny yellatsdit may be smooth or pebbled, glossy
or dull, thin or leathery and up to 1/4 in (6 mrnick, pliable or granular and brittle. In some
fruits there is a thin layer of soft, bright-greflash immediately beneath the skin, but
generally the flesh is entirely pale to rich-yelldwttery and bland or nutlike in flavour. The
single seed is oblate, round, conical or ovoidp %# cm long, hard and heavy, ivory in
colour but enclosed in two brown, thin, papery seeals often adhering to the flesh cavity,
while the seed slips out readily. Due to the latkdlination or other factors some avocado

fruits are seedless (Nakasone and Paull, 1998).

The avocado’s flesh is deep green near the skogrbieg yellowish nearer the single large,
inedible ovoid seed. At the moment of harvestihg, flesh is hard but softens to a buttery
texture later.The fruits of Mexican varieties aighter in oil content and small with paper-
thin skins that turn glossy green or black wher.riphe fruit of Guatemalan types produce
medium ovoid or pear-shaped, pebbled green frbas turn blackish-green when ripe and
have intermediate oil content. West Indian typesdpce smooth, round, enormous, glossy

green fruits that are low in oil (Bergh and Lah&996).

There are many varieties of avocado fruit, eachrahtiarized with a particular flavour and
texture. The most popular varieties are: Hass, teu&wen, Pinkerton, Reed, Bacon and

Zutano. A patrticular preference is given to Fuartd Hass in South Africa (Donkin, 2007).



The Fuerte variety is mostly oval shaped and igmrehen ripe. Hass is medium sized and

rounded and during ripening turns to a purple colou

1.2.4 Marketing and international trade

Avocado is cultivated in nearly 50 countries anthis sixth-most important subtropical crop
in the world (Demirkol, 1995). According to the FA®e five world’s leading producers of
avocados in 2005 were: Mexico, Indonesia, the WdnBates of America, Colombia and
Brazil. South Africa was at the ¥5position among the highest producing countries of
avocado in the world (Figure 1.1) (FAO, 2005). Altigh high producers, Brazil and Mexico
do not export a great deal of fruit because 97 %albfruit produced in Mexico is for
domestic use, and cultivars produced in Brazilraveacceptable for export because of the

inferior fruit quality (van Zyl and Ferreira, 1995)
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Figure 1.1 Major Producers of Avocaduwouit (cv. 'Fuerte’) [(adapted from FAO (2005)].

The quantity of avocado fruit produced by each tgus expressed in metric tonnes.

In South Africa, the expansion of the avocado itigustarted in 1970s, with plantings of
approximately 2000 ha in 1970 increasing to appnately 12 000 ha in 2003 (Donkin,
2007). In 2001, South Africa was classified as ldsgling exporter of avocados worldwide
(Witney, 2002), but in 2011 South Africa was classifiétexporter of avocados worldwide
with Spain, after Mexico, Chile and Peru (Naam&i11). Every year about 60% of the
total avocado crop is exported with 97 % destinedtfie European Union. Chile, Israel,
Kenya, Mexico, Spain and Peru are the major congustof South Africa in the European
markets (Witney2002). The varieties exported are Hass and Fuettearsmall amount of
Pinkerton. In the European Union, South Africalsgkest markets for avocados are France,

Germany and the United Kingdom. In South Africag #vocado industry is led by the South



African Avocado Growers Association (SAAGA) funddéy voluntary levies from all
members and whose goal is to improve the econoralmliy of the production, packaging
and marketing of avocados. It is also a respongitof SAAGA, in association with the
National Department of Agriculture, to determine tjuality standards for export, ensuring
that the exported fruits are of good quality as mhaturity, size and blemish levels are
concerned and also ensuring that those fruits theettandards of the country of destination
(SAAGA, 2005). One of the challenges of the SoufinicAn industry is to access new
markets such as China, Japan and USA, within tHeiaf protocols of the target
government. The industry plans an increase in dnexorts of roughly 12,000 metric

tonnes by 2012 and expects to continue promotidunope (Witney, 2002).

1.3 ANTHRACNOSE OF AVOCADO

1.3.1 The pathogenColletotrichum gloeosporioidg®enz.) Penz. & Sacc.

The filamentous form of the fungal plant pathogén gloeosporioidgswhich is the
anamorph, or asexual stage of the fungus caushksaanbse disease on various temperate,
subtropical, and tropical fruits such as applecado, citrus, mango, guava, papaya, passion

fruit and grapes (Alahakoaat al., 1994; Swart, 1999).
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1.3.2 Taxonomy and biology o€olletotrichum gloeosporioides
Kingdom: Fungi

Phylum: Ascomycota

Class: Sordariomycetes

Subclass: Incertae sedis

Order: Phyllachorales

Family: Phyllachoraceae

GenusColletotrichum

Speciesgloeosporioides

C. gloeosporioidegproduces abundant conidia on infected leaves, reglzences, and on

mummified aborted fruit. Conidia are spread by sipilag rain and cause new infections on
leaves, blossoms and fruit. In the infected fraitthe field, the fungus remains quiescent
until the fruit is harvested and then it becomdsvated and the lesions begin to develop and

to enlarge. In storage, however, the fungus doesmowge from one fruit to the next.

The fungus produces hyaline, one- celled, ovoicitong, slightly curved or dumbbell
shaped conidia, 10-15 um in length and 5-7 um gittwiMasses of conidia appear pink or
salmon coloured. The waxy acervuli that are produoeinfected tissue are subepidermal,
typically with setae, and simple, short, erect dmphores. Environmental conditions
suitable to the pathogen are high temperature§C28eing optimal, and high humidity.
Spores must have free water to germinate; gerroimas negligible below 97% relative

humidity. Spores are only released from acervulemkhere is an abundance of moisture.
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Splashing from rain is a common means of spreaderfg of disease is related to weather
and the fungus is relatively inactive in dry weattgunlight, low humidity and temperature

extremes (below P& or greater than 2&) rapidly inactivate spores (Scot, 2008).

Swart (1999) showed that there are distinct difiees between avocado and mango isolates
of C. gloeosporioidemn South Africa. Morphologically, isolates @f. gloeosporioidefrom
avocado and mango are different phenotypically frisolates of others countries with
colony colours ranging from pale salmon pink tokdgiray green. However there are only a
few differences between appressoria of differentaies, which are produced terminally
from germ tubes by most isolates with a mean leogth4.6 um. TheC. gloeosporioides
isolates of both avocado and mango produce mawligdrical conidia with a tapered base
and obtuse apex out of the four different typesadidial shapes identified. The length of
conidia varies considerably but their width remairedatively constant. There is no
correlation between the length/width ratio of ceaidnd the pathogenicity of isolates when
inoculated into avocado and mango fruits (Sandedskorsten, 2003). The shape and size
of conidia, production of perithecia, morphology s#tae (if present), and colony growth
characteristics were the criteria traditionally dige identify isolates in th€olletotrichum

genus (Gunnel and Gubler, 1992).
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1.3.3 Host-specificity and life cycle ofColletotrichum gloeosporioides

Host-specificity is evident irColletotrichum; some species have a wide host range while
others are restricted to a specific host or hostilfes, genera, species, or even cultivars
within those families (Freeman, 2000). Specificibas been reported withirC.
gloeosporioidespecies orstylosantesn Australia where two distinct biotypes differant
doubled stranded RNA, morphology, molecular kargesy restriction fragment length
polymophisms are both host-specific (Mannetsal, 1992). The differentiation between
Colletotrichumspecies on the basis of their host specificity may be reliable, because
several species such &s gloeosporioides, C. dematium, C. acutatang C. graminicola
infect a broad range of host plants. For instarstadies showed that isolates Gf
gloeosporioideandC. acutatunboth infect peach and mango fruits (Adaskavegtéadin,
1997; Freemaret al, 1998; Swart, 1999). Potential cross-infectionrked successfully
under artificial inoculation conditions betweenfeiént species o€olletotrichumand a
variety of tropical, subtropical, and temperate itfiu In addition, Colletotrichum
gloeosporioidessolates from some tropical fruit crops can alsuss-infect detached leaves

and fruits with the infection depending on inoculdemsity (Andersoet al., 1996).

During the asexual stage of the life cycle of mastomycetes, includinGlomerellg they
are typically haploid and become diploid during gexual phase (Skipgt al, 1995). The
life cycle of Colletotrichumspecies (Figure 1.2) comprises a sexual and amuakstage. In

general, the sexual stage is responsible for theetge variability and the asexual stage
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accounts for the propagation of the fung@fomerella cingulatas one of the rare species of
Colletotrichum which produces the sexual stage (Brysenh al, 1992). Glomerella
teleomorphs o€olletotrichumcan exhibit many sexual systems but they are ptesenly

11 out of 20Colletotrichumspecies due to the fact that sexual recombinatiomaost
Colletotrichum species is rare in nature. Besides tk@$ymerella sexual reproduction is
more complex than is usual for most ascomyceteifubiggloeosporioidegxhibits a wide
range of sexual expression in which self-fertiler(iothallic) forms readily form perithecia
in culture and ascospores give rise to culturesstimae as the parental form. In the plus
strains which resemble the original parent, pecitneand ascospore progeny are irregularly
produced and the minus strains produce fertiletlpezia (Skippet al, 1995). A ridge of
perithecia is produced along the interaction zop¢hle plus and minus strains, which leads
to the suggestion thal. gloeosporioidess fundamentally self-sterile (heterothallic) s
also been shown th&. gloeosporioidesan operate a complete parasexual cycle (S&ipp

al., 1995)
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Figure 1.2 Schematic presentation of the life cycleof Colletotrichum

gloeosporioides on avocadogKotzé, 1978).
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1.3.4Caolletotrichum gloeosporioides infection, symptomology and epidemiology

Anthracnose is a serious disease and causes pusshbsses of the avocado fruit all over
the world. The interaction of the fungus and avecada complex one. The infection process
starts when a conidium lands on the surface ofrthe it adheres and germinates to produce
a germ tube, which develops a terminal appressoriten an infection peg emerges and
penetrates into the outer wax layer and the cuté€léhe fruit skin. When it reaches this
hemibiotrophic stage, it ceases growth and remgumsscent until fruit ripening (Jeffriest

al., 1990; Giblin and Coates, 2007). During this sta§dormancy or quiescence, due to the
presence of preformed antifungal compounds in thacap of unripe fruits known as
dienes, the fungus is unable to colonise furtheuql®/ et al 1993). After harvest, diene
levels decrease which correlate with the resumpbbrfungal growth, and subsequent
disease development. Infection pegs during ripempegetrate through the epidermal cell
walls to the lumen of the cells, which results iac@aration and cell death. The production of
plant cell wall degrading enzymes such as pecyatgel is coupled to the transition from the
hemibiotrophic stage to necrotrophic attack (Coatesl., 1993). Rainfall is associated with
the infections of fruit which occur from fruit-seintil harvesting. The main sources of
inoculum are dead leaves entangled in the tree pgandefoliated branch terminals,
mummified inflorescences and flower bracts (De&ddil, 1992). In the orchard the conidia
are spread by means of irrigation and light raieavy dew, with rainy weather being

conducive to conidium production, dispersal anéétibn (Prusky, 1994).
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Lesions of various sizes, dark in colour, can oawwhere on avocado fruits and expand
rapidly in size, affecting the skin and pulp. Syoms may appear rapidly, within 1 or 2
days, on fruits that sometimes appeared to havelemishes at the time of harvest. After
fruit harvest and during ripening, darkly colouredunded lesions usually appear in latent
infections on fruit skins. Symptoms may form on theipe fruits while they are still on the
trees (Menge and Ploetz, 2003). Fruits developiympsoms before ripening may drop
prematurely. In some cases, skin symptoms are diffiteult to detect on avocado cultivars
with dark coloured skins. Some symptoms may bdeel& fruit injury or openings created
during harvesting (Whilet al, 2002). In the beginning the lesions on the fekiin are
small light brown, and circular, later enlarginglarecoming slightly sunken in their centres,
while their colour turns to dark brown or blackdéie 1.3) (Scot, 2008). Under very humid
conditions leaf and stem symptoms (spots or bliglar) developC. gloeosporioidess
considered to be a weak pathogen of avocado @ué,to the fact that it requires some types
of wound created by some other means, in ordeenefpate the fruit and subsequently cause

disease (Pernezmy al., 2000)

In South Africa most of the orchards are planteBuerte and Hass varieties (74%) (Donkin,

2007) and anthracnose affects all varieties, (Wit2802), but Fuerte is the most susceptible

cultivar (Darvas and Kotze, 1981).
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Figure 1.3. Fuerte avocado fruits exhibiting symptms of anthracnose

1.3.5 Control of Anthracnose disease

Anthracnose disease needs to be controlled in éodeaintain the quality and abundance of
food, feed, and fibre produced by growers arourel world. SinceC. gloeosporiodes
remains quiescent in the cuticle of unripe fruitfedent approaches may be used to prevent,
mitigate or control plant diseases: these includaural control, chemical control, biological

control and use of resistant cultivars.
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1.3.5.1 Cultural control

Good anthracnose control depends on good controthefr diseases (especially Cercospora
spot) and avoidance of cuts and bruises to the ifiuiandling. Fruits showing any sign of
anthracnose should not be packed in cartons witithyefruits. Harvesting fruits in an
immature condition may substantially contributeatthracnose appearance in the market
place, because the fungus may be carried on thaiummenfruit and will subsequently invade
the flesh through small cracks made during postdsarhandling procedures (Pernezingl,
2000, Agrios, 2005). Tactics for managing anthraendisease of avocado include selection
of avocado cultivar and planting location, cultupshctices within orchards, care in fruit

handling, and control of fruit storage conditiomslanarketing (Scot, 2008) .

1.3.5.2 Chemical control

Control of C. gloeosporioideand other postharvest avocado and mango pathogeds an
adequate preharvest spray programme in place withia focus to reduce the inoculum and
prevent latent infection (Darvas al, 1987). In South Africa, sprays with benomyl and
copper fungicides (cupric hydroxide or copper oxgdlde) are the registered pre-harvest
chemical treatments used with mist blowers on athigrbasis to control anthracnose on
avocado (Willis and Mavuso, 2009). For the regedepost-harvest chemical treatments,
spray and dip applications of prochloraz and thialagole with a combination of benomyl
were used to control anthracnose on avocado (Sawetlexl, 2000). In the early 1960's,
disease control was revolutionized by the introduncbf benzimidazole fungicides such as
benomyl, carbendazim and thiophanate. Howeverptbonged use of these fungicides

resulted in selection for resistant pathogen geyesty which remained predominant for
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several years after discontinued uBetrytis cinerean vineyards was one of the fungi with
short life cycles identified among the first casdsresistance. Later other resistant fungi
were identified in some plants such d&enicillium digitatumandPenicillium italicumfrom
citrus, Venturia inaequalifrom apple, andC. gloeosporioidesrom rambutan and mango
(Sanderset al, 2000). Prochloraz and thiabendazole are theeoturnegistered post-harvest
chemical treatments used to control anthracnoseawtados (Sanderst al, 2000).
Recently, ultra-low volume (ULV) application of fgitides developed as thermal fogging
was used in the control of diseases on Fuerte dweofraits. The results showed that the
ULV machine (TracFog 100F) has the ability to effifeely control the disease by using 50%
less copper oxychloride needed per hectare, by raldacing application time due to one
tank mixture doing more hectares compared to ttet blowers (Van Niekerk and Mavuso,
2011). This technology was also used successfolontrol disease in some tropical crops

such as bananas, cocoa and rubber (Mabbet, 2007).

The use of chemicals to control plant disease batriibuted significantly to the spectacular
improvements in crop productivity and quality otee past 100 years. However, their use is
increasingly restricted due to public concern otrer environmental pollution caused by

excessive use and misuse of those agrochemicals.
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1.3.5.3 Biological control

Effective biocontrol agents offer great potential &lternative methods that are economical
and suited for adoption by the small-scale avocewdiustry. Some potential biocontrol
agents have been identified to have roles in thentrab of plant diseases.
Kefialew and Ayalew (2008) isolated the followipgtential biocontrol agents from mango
fruits: Brevundimonas diminuta, Stenotrophomonas maltaphiEnterobacteriacege
Candida membranifacierend possible new yeast species. The cell sugpenand culture
filtrates of these isolates inhibited spore germamaand hyphal growth of.
gloeosporioidesin vitroln addition, the isolates significantly reducederity of anthracnose
on artificially inoculated mango fruit (Kefialewd Ayalew,2008). Variou8acillus spp.,
originally isolated from leaf and fruit surfacedfeetively controlled Cercospora spot of
avocado, anthracnose of avocado, stem end rotoabawe and post-harvest decay. Integrated
treatments involving antagonists combined with tgrastrength or recommended dosage of
fungicides, disinfectants or natural plant extraatso effectively suppress post-harvest
diseases of avocado (Korsten, 2004). AvoGreen,sa mpenitoring programme, was also
used previously to manage pests by combining methibat include ecological and
toxicological factors with emphasis on biologicahtrols and economic thresholds (Stevens,

1997).

A variety of biological controls are available fase, but further development and effective

adoption will require a greater understanding & tomplex interactions among plants,

people and the environment.
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1.3.5.4 Resistant varieties

In general, plant disease incidence can be redbgeappropriate cultivation practices, the
use of pesticides, the use of antagonistic organena the use of disease-resistant cultivars;
the latter remains the most inexpensive and safesthod for disease control (Quirino and
Bent, 2003). Resistance is defined as an incompatiteraction between host and pathogen.
Incompatibility, involving processes in the plattiat retard or inhibit pathogen growth, can
be dependent on a host resistance gene and a eatlaegulence gene (Agrios, 2005).
Pathogen infection is established due to an inaateqdefence response of the host to the
invading pathogen in terms of timing and intens®ant defence response has generally
been described as involving activation of signgllimolecules such as salicylic acid and
defence pathways, ultimately leading to changegene expression and defined cellular
responses (Dangl and Jones, 2001). The plant aesestis considered durable when it
remains effective in a cultivar despite widespreatfivation in an environment favouring
the disease. Single genes and multiple genes withulative effects variously control
durable resistance in different pathosystems. Thakibhrough in the understanding of plant-
pathogen interactions through the identification resistance genes has enabled more
sophisticated breeding strategies in commercialiveus to be employed using marker-
assisted breeding (Ayliffe and Lagudah, 2004). Tglothis, many disease resistant crop
varieties have been generated by traditional bngedtor instance transgenic and classical
breeding approaches were used to introduce a sttggténant gend/f against apple scab

into apple plants (Gygaat al, 2004).
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1.4 PLANT DEFENCE MECHANISMS AGAINST PARASITIC ATTA CK

1.4.1 Pathogen recognition by plant cells

The capacity of plants to invoke defence reactisnmediated by the initial recognition of
pathogens (Dixomt al, 1994; Schenlkt al, 2000). Plants exhibit a sophisticated molecular
system for recognition of and response to a pakpi@thogen. Firstly the presence of a
pathogen is recognised by the plant when pathogeivedl molecules (elicitors) bind to
receptors. The recognition is done by the detectibrelicitors that originate from the

pathogen or are plant cell wall degradation prosl&grios, 2005).

Plants are capable of activating a large arrayetérmite mechanisms in response to pathogen
attack. The speed of their activation is a crutaator determining the success of these
mechanisms. Consequently, there is considerabdeesttin understanding recognition and
control of pathogen attack and expression of defenechanisms. In host specific resistance,
perception involves receptors with high degreespetificity for pathogen strains, which are
encoded by constitutively expressed defence resistdR) genes, located either in the
cytosol or on the plasma membrane (Martin, 199%dband McDowell, 2006). In a single
plant species, large repertoires of distantly eelaindividual R genes with diverse
recognitional specificities are found (Elles al, 2000). Individual R genes have narrow
recognition capabilities and they trigger resiseamdien the invading pathogen expresses a

corresponding avirulence (Avr) gene. In the pathsgdévr genes from different pathogen
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classes are structurally very diverse and haveerifit primary functions. Specific
recognition of the pathogen by the plant requiresgresence of matching Avr and R genes
in the two species and is thought to be mediatedigaynd receptor binding (Glazebrook,

1999).

Plant disease R genes encode proteins that sertree irecognition of specific pathogen-
derived Avr proteins and initiate signal transdoictpathways leading to defence responses.
Some studies suggest that recognition specificityr qroteins is determined by either a
protein kinase domain or by a region consistindgeatine-rich repeats. R genes conferring
resistance to pathogens seem to use multiple Smggpagdathways, some of which involve
distinct proteins and others which converge upommon downstream effectors. A
promising strategy to improve disease resistangaaints is the manipulation of R genes and

their signalling pathways by transgenic expresg¢hartin, 1999).

In addition to the AwWR gene interactions, plants possess a broader, Imaged, surveillance
involving sensitive perception systems for numeronisrobe-derived molecules, which
mediate activation of plant defence responses moracultivar-specific manner and have
been described as general elicitors. These molkeare named as PAMPs for pathogen-
associated molecular patterns, and they are shmrddrge groups of pathogens (Gomez-
Gomez 2004) General elicitors involved in the activationtbé first line of plant defences
have been isolated from viral, bacterial, fungatl asomycete pathogens. They act as
signalling compounds at low concentrations, haveerde structures and include

polygalacturonideg}-glucans, chitosan, lipids and proteins (Ebel andi& 1994). A few of
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them can be viewed as molecular signatures of iigranvaders and therefore as potential
PAMPs. Examples include, the elicitor PaNie frone thathogenic oomycetBythium
aphanidermatunand other fungi (Veitt al, 2001); the elicitor Pep-13, an internal peptide
fragment conserved among different oomycetes; gtateminases (Brunnest al, 2002),
which are surface exposed and consequently actessilassociation with an extracellular
plant receptor (Sackst al, 1995); fungal chitin (Dagt al, 2001); lipopolysaccharides and
complex glycolipids that are integral componentstiod cell surface of Gram-negative
bacteria, which activate immune responses in masarad plants (Akirzt al, 2001; Erbs
and Newman, 2003). Two other bacterial PAMP-likitgrs are a bacterial cold shock
protein (CSP) present in several bacteria (Felid Boller, 2003) and bacterial flagellin
(Felix et al, 1999). Structural homologs present in oomycdtesyi and bacteria, like the
necrosis-inducind®hytophthoraprotein 1 have been characterized as PAMPs (Fetileti
al., 2002). All these molecules are made by fundiamteria, but not by plant cells, and their

recognition by the plant receptors can signal tlesgnce of potential phytopathogens.

1.4.2 Plant defence signalling networks

In most eukaryotic organisms there is a link betwpathogen recognition responses and
signal transduction cascades (Nurmberger and Sch@el). Defence signalling pathways
that lead to defence responses are activated eft#ior binding to receptors. Intracellular
signalling is instigated when the occupied recepttirectly or indirectly, activates a
downsteam effector enzyme to produce a specifiorsbeessenger. In its turn, the second

messenger binds to and activates, for exampleptaiprkinase that is at the start of a kinase
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cascade. This leads to different responses, suctnaascriptional activation of defence

related genes (Laxalt and Munnik, 2002).

Receptor-mediated recognition at the site of indectinitiates cellular and systemic
signalling processes that activate multicomponeaiértte responses at local and systemic
levels, resulting in rapid establishment of locakistance and delayed development of
systemic acquired resistance (Scheel, 1998). Thestareactions of plant cells include
changes in plasma membrane permeability leadingalcium and proton influx and

potassium and chloride efflux (McDowell and Darf)00).

lon fluxes subsequently induce extracellular paidun of reactive oxygen intermediates,
such as hydrogen peroxide, superoxide and hydrisegl radical, catalyzed by a plasma
membrane-located NADPH oxidase and/or apoplastalized peroxidases (Somssich and
Hahlbrock, 1998). The initial transient reactioms, at least in part, prerequisites for further
signal transduction events resulting in a compleghly integrated signalling network that
triggers the overall defensive response. The rbleattium is shown in experiments with
calcium channel inhibitors, which, preventing irases of cytosolic calcium concentrations,
delay the development of the hypersensitive resaddsterotrimeric GTP-binding proteins
and protein phosphorylation/ dephosphorylationpaabably involved in transferring signals
from the receptor to calcium channels that activii@nstream reactions (Legendseal,
1992). The changes in ion fluxes trigger localizptbduction of reactive oxygen
intermediates and nitric oxide, which act as seamedsengers for hypersensitive response

induction and defence gene expression (Piffaretllial, 1999). Synergistic interactions
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between reactive oxygen intermediates, nitric oX@®) and salicylic acid (SA) have been
postulated (McDowell and Dangl, 2000). Other conmgrda of the signal network are
specifically induced phospholipases, which actipidbound unsaturated fatty acids within
the membrane, resulting in the release of linolewicl, which serves as a substrate for the
production of jasmonate, methyl jasmonate ande@dlatolecules via a series of enzymatic
steps. Most of the inducible, defence-related geaes regulated by signal pathways
involving one or more of the three regulators jasate, ethylene (ET) and SA (Hammond-

Kosack and Parker, 2003).

Thus, experimental evidence suggests that defeigoalling is complex and evolves an
interplay between protein kinases, phospholipidsl, defence signalling molecules such as
NO, reactive oxygen species , SA, jasmonic acid) @Ad ET (Thommaet al, 2001,
Hammond-Kosack and Parker, 2003). Hydrogen perofiti©,) and NO play a role in

cross-talk and convergence points between path¢iaysar and Klessig, 2000).

1.4.2.1 Mitogen-activated protein kinaseand defence signalling

Mitogen-activated protein kinases (MAPK) are sédtimeonine-specific protein kinases that
transduce extracellular stimuli such as mitogess)atic stress, heat

shock and proinflammatory cytokines into intracalfuresponses in cells. In the cells,
protein kinases covalently attach phosphate tcsithe chain of tyrosine, serine or threonine

of specific proteins. Such phosphorylation of piegcan control their interaction with
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otherproteins and molecules, their location in the céfleir enzymatic activity, and
theirpropensity for degradation by proteases. MAPK phosgate specific serines
andthreonines of target protein substrates that régwarious cellulaactivities ranging
from gene expression, mitosis, cell movement, cdifferentiation, proliferation,

metabolismand programmed death (Pearsbml, 2001).

Signal transduction networks allow cells to pereeichanges in the extracellular
environment and to mount an appropriate respdvigd?K cascades are major components
downstream of receptors or sensors that form aiadrliok that transduces extracellular
stimuli into intracellular responses, from extraaelr receptors (Inne, 2001; Zhang and
Klessig, 2001). MAPK cascades regulation and fumchiave been evolutionarily conserved
from unicellular organisms to complex organismseytare organized in a three-kinase
architecture consisting of a MAPK, the last kinas¢éhe cascade, a MAPK activator (MEK,
MKK, or MAPK kinase), and a MEK activator (MEK kisa, MEKK or MAPK kinase
kinase). MAPK kinase that is activated by extradell stimuli phosphorylates a MAPK
kinase on its serine and threonine residues, aisd MAPK kinase activates a MAPK
through phosphorylation on its serine and tyrosesdues (Tyr-185 and Thr-183 of ERK2).
Signal transduction is achieved by sequential atitm and phosphorylation of the

components specific to a respective cascade (Zhaddlessig, 2001).

MAPKs are differentially activated by cytokines, rhmmnes and growth factors. Studies
showed that MAPK modules may be activated by aetamf stress stimuli including UV

irradiation, wounding, ozone, heat shock, salinggmolarity, DNA damage and reactive
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oxygen species and bacterial products such asdipsgccharides. Some cellular activities
such as gene expression, metabolism, cytoskelaetatibns and other cellular regulatory
events are controlled by the activation of MAPKresponse to these stimuli. In addition
MAPK from several plant species were also showbe@ctivated during plant responses to

elicitors or pathogens (Madhani and Fink, 1998;righand Klessig, 2001).

A breakthrough in our understanding of plant MARKas made with the map-based cloning
of FLagellin Sensing FLS2 (Gomez-Gbémez and Boller, 2000). In tAeabidopsisFLS2
pathway, the flagellin peptide present in the edhlalar media interacts with the
extracellular LRR FLS2 domain. It has been showat the FLS2 kinase activity is directly
or indirectly in charge of the phosphorylation autivation of a MAP kinase cascade, which
might further induce the activation of WRKY typanscription factors (Figure 1.4) (Assti

al., 2002; Gémez-Gomez, 2004).
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Figure 1.4. Main elements of the signal transductio pathway involved in flagellin

signalling in Arabidopsis (modified from Gémez-Gomez, 2004).

In the ArabidopsisFLS2 pathway, the flagellin peptide present in éx¢racellular media
interacts with the extracellular LRR FLS2 domaihisTinteraction, which may also involve
additional components, leads to heterodimerisatiodimerisation of the receptor complex
and activation of the FLS2 kinase domain. A kinasseciated protein phosphatases (KAPP)
is a negative regulator in this pathway. The FL$2age activity is responsible for the

phosphorylation and activation of th&rabidopsis thalianamitogen kinase kinase 1
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(AtMEKK1) which then phosphorylatesrabidopsis thaliananitogen kinase kinase 4 and 5
(AtMAKK4/5). These kinases in turn phosphorylated aactivate Arabidopsis thaliana
mitogen kinase 6 and 3 (AtMKG6/3) and lead to th&vaton of the transcription factor

WRY?29, which activates the transcription of defegeees.

1.4.2.2Nitric oxide

Nitric oxide (NO) is an important diffusible moldan messenger in animals and plants
involved in many physiological and pathological ggsses within the organism, both
beneficial and detrimental. NO is an important ragati in plant defence signalling and it is
also involved in number of diverse signal functiansplants (Wendehennet al, 2004;
Delledonne, 2005). NO has been identified as arentisd molecule that mediates
hypersensitive cell death and defence gene adivah plants. In addition to this role,
studies showed that it can also play an importalet as an intercellular signal contributing
to spread of hypersensitive responses (HR) by inducell death (Romero-Puertas al.,

2004; Zeidleet al., 2004).

In one study (Crampton, 2006), cDNA microarray gsigl was applied to examine the
effects of NO on a non-model cereal plant, pealletiand to identify genes that are up and
down regulated following exogenous application dil@ donor. The results revealed that
pearl millet responds to treatment with a NO domod alters the expression profiles of a
number of transcripts. Comparison of pearl milléd Kesponsive genes witrabidopsis

thaliana NO responsive genes showed very little overlapstMaf the genes exhibiting
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significant differential expression in pearl milleave not been previously implicated in NO

signalling in plants (Crampton, 2006).

1.4.2.3Reactive oxygen species

Reactive oxygen species (ROS) are chemically-neactiolecules containing oxygen such
as: hydrogen peroxide (B, superoxide anion (£°), hydroxyl radical 1OH), singlet
oxygen (Q"). ROS can be either inorganic or organic and gjlelyrreactive and toxic due to
the presence of unpaired valence shell electrarscan lead to the oxidative destruction of
cell structures. They are synthesized in plantsndgunormal unstressed photosynthetic and
respiratory metabolism taking place in chloroplaatel mitochondria. They are also
generated by cytoplasmic, membrane-bound, or elkib@elenzymes involved in redox
reactions (Foyeet al, 1994; Wojtaszek 1997; Grene, 2002). However, nvbenditions
become unfavourable, for instance during timesnmvirenmental stress such as ultra violet
or heat exposure, excess light energy, dehydratmm, temperature, ROS levels can
increase dramatically. Such stresses can lead giifisant damage to cell structures
manifested in inactivation of enzymes or cell dedtthe amount of ROS generated exceeds
the capacity of the scavenging systems. ROS acegaiserated by exogenous sources such

as ionizing radiation (Dadt al.,, 2000; Grene, 2002)

Plant cells contain several enzymatic and non eagsgnantioxidant scavenging systems,
which are in charge of ROS detoxification to avaidllular damage. These include

enzymes such as superoxide dismutases (SODs), thgtute peroxidases, ascorbate
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peroxidases (APXs), and catalases (CATs) as weknaall molecule antioxidants such
as ascorbic acid (vitamin C), tocopherol (vitamjralad glutathione (Mittler, 2002; Muller et

al., 2007).

Although potentially damaging, ROS have been shtovserve as second messengers or
catalysts in plants to promote plant resistancedthogens in several ways. Some of the
better studied downstream responses promoted byd&R©te oxidative cross linking of cell
wall hydroxyproline rich proteins to reinforce tloell wall against pathogen degrading
enzymes, the stimulation of defence-related getiesjnduction of phytoalexin production
and promotion of the programmed cell death leattinthe formation of the hypersensitive
response (HR) of infected cells. (Low and Merid29@; 1997; Mullineauwet al, 2000; Neill

et al, 2001). During defence responses, ROS are prdducamine oxidases in the apoplast
and plasma membrane-bound NADPH oxidases and calll-beund peroxidases
(Mahalingam and Fedoroff, 2003; Lalet al, 2004). At the early stage of plant's defence
responses, the oxidative burst occurs which ispidrand transient production of large

amounts of ROS at the site of infection (WojtasZ£197).

1.4.2.4Salicylic acid

SA is synthesized by the plants either via isodmate synthase (ICS), or via phenylalanine
ammonia-lyasg PAL) pathway (Wildermuttet al, 2001). Previous work has suggested that
oxidative stress caused by ultraviolet light ormealso triggers SA biosynthesis (Yalpani

al., 1994).
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SA is involved in the activation of various plamfence responses following pathogen attack
by playing an important signalling role. These mwes include the potentiation of host cell
death, the containment of pathogen spread, theciiwtuof local acquired resistance (LAR)
and systemic acquired resistance (SAR) (Chamnorgpal, 1998; Reymond and Farmer,

1998; Nawrath and Métraux, 2002).

SA is the key defence response componewtrabidopsis(McDowell and Dangl, 2000). It
has been demonstrated that transgenic plants hthengacteriaNahG gene, which encodes
for the salicylate hydroxylase enzyme, respondini¢he inactivation of SA by converting it
to catechol, were compromised in their ability tbivaate SAR (Ryals, 1996). SA was shown
to play a key role in the stimulation of the tratsition of NPR1 to the nucleus where it is
assumed to act as a transcriptional co-factorHerexpression of PR-1 (Haet al, 2007).
The accumulation of SA induces the PR gene systeatably PR-1 and PR-5 (Krzymowska

et al, 2007).

SA mediates these effects through varied mechamehnish can involve alterations in the
synthesis or activity of certain enzymes, incraasgefence gene expression, potentiation of
several defence responses and the generationeofddécals. Many genes encoding products
involved in the SA-mediated defence pathway(s) Haaen isolated through the analysis of
mutant plants exhibiting aberrant responses togggth infection. Additionally, it has been
suggested that certain defence responses canibatedtvia a SA-independent pathway(s)

(Demseyet al, 1999).

34



1.4.2.5 Jasmonic acid

Jasmonic acid (JA) is derived from the fatty acidolenic acid. It is a member of
the jasmonate class of plant hormones. It is bibsgized from linolenic acid by
the octadecanoid pathway (Turnet al, 2002). Jasmonates, especially phytohormone
jasmonic acid (JA) and its methyl ester, methylmasate (MeJA) are involved in the
regulation of plant growth, including embryogenegpisllen and seed development, and root
growth (Farmeret al, 2003; Liechtiet al, 2006). It has been demonstrated that JAs also
mediate resistance to insect pathogen attack, biadi@astress responses to wounding and
ozone (Kunkel and Brooks, 2002; Voelckel and Baigwi004). Another study suggests that,
12-oxo-phytodienoic acid, a cyclopentenone precursb JA, can also stimulate the

expression of defence genes (Fareteal, 2003).

Arabidopsis mutants impaired in the perception or synthesisJAf exhibit enhanced
susceptibility to a variety of pathogens, such res fungiAlternaria brassicicola Botrytis
cinereg andPythiumsp., and the bacteriu. carotovora(Norman-Setterbladt al, 2000;
Thommaet al, 2001). JA in some cases seems to contributelaiat pesistance against
biotrophs, however, JA responses are generallyideresl effective in defence against
necrotrophic pathogens (Turner al, 2002; Farmeet al, 2003).Arabidopsisconstitutive
expression of thevspl (cev) mutant exhibits constitutive JA signalling andcrieased
defence against the fungis cichoracearunmand the bacteriurR. syringaepv. maculicola

(Ellis C. et al, 2000).
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The subsequent signal transduction and percepfidA as still unclear. A receptor for JA
has not yet been characterized (Lieditial, 2006). However, a central element of the JA
signalling pathway seems to be the COI1 (Coronalisensitive 1) protein (Feyst al,
1994; Xieet al, 1998).Arabidopsis coilmutants of are male-sterile, fail to express JA-
regulated genes, and are susceptible to pathogéusnfmaet al, 1998). COIL is an F-box
protein that forms an active SE# complex, which together with the 27 COP9 signaieso
(CSN) contribute to JA signalling (Devott al, 2002; Xuet al, 2002).In vivo, this
machinery works as an ubiquitin ligase complex teatoves repression from JA-responsive
defence genes. It targets regulatory proteins,udisl transcriptional repressors, to
ubiquitin-proteasome-mediated protein-degradatidavfpto et al, 2002; Xuet al, 2002;
Fenget al, 2003). Plants with reduced CSN function, like tdoil mutant, exhibit a JA-
insensitive root elongation phenotype and an alesefispecific JA-induced gene expression
(Fenget al, 2003). Interestingly, the auxin receptor TIRliskhwas recently characterised,
is an F-box protein that, like COI1, forms an uldiquprotein ligase SCFTIR complex
(Dharmasiriet al, 2005). Thus, it is tempting to speculate that C€puld act like TIR1 as a

receptor for JA.
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1.4.2.6 Ethylene

Ethylene (ET) is a gaseous organic compound that ant hormone involved in many
aspects of the plant life cyclsuch as seed germination, root hair developmentit f
ripening, organ senescence and root nodulatione(REr and Kende, 2000). It is also
involved in the defence response to pathogen atadkthe regulation of plant responses to
abiotic stresses including wounding, hypoxia, ozamdling, freezing and those induced by
flooding or drought (Johnson and Ecker, 1998; dbiiell et al, 2003). Five ethylene
receptors (ETR1, ETR2, ERS1, ERS2, and EIN4) haenhdentified inArabiodpsisand

were shown to take part in ET signalling (Hua anelybtowitz, 1998; Sakait al, 1998).

ET contributes in various plant disease resistgrathways, but depending on the plant
species and pathogen, its role can be totally réiffe A deficiency of ET signalling in the
plant may lead either to an increase in suscepyibdr resistance. This evidence was
demonstrated by the fact that the reduction of &Ts#ivity in soybean produces less severe
chlorotic symptoms when infected with the virulesttains Pseudomonas syringapv
glycinea,while virulent strains of the fungeptoria glycineandRhizoctonia solaniead to

more severe symptoms (Hoffmanal, 1999).
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1.4.2.7 Interaction between the JA, SA and ET sigiiang pathways

Studies of the changes in the expression leve3@b selected genes following pathogen
infection or SA, ET and JA treatment showed thahs@enes are affected or respond to at
least two defence signals (Scheestkal, 2000). There is a substantial network of reguiat
interaction and coordination among different conmgue of plant defence signalling
pathways. The SA-dependent and JA-ET-dependentvpgthshare common pathways and
interact with each other, either positively or nagdy, besides the fact that they induce
resistance to different pathogens and regulateettpression of different pathogenesis-

related (PR) genes (Feys and Parker, 2000; Satteak 2000; Lorenzo and Solano, 2005).

Some pathogens can induce plant defence respomseactivation of the JA and ET
signalling pathways. Both pathways co-operate gulege the expression of many genes and
at least some jasmonate-inducible genes are natiinié in plants unable to produce or
sense ET (Reymond and Farmer, 1998). A signifiealveance in our understanding of this
evidence was made by Penninckx and coworkers (Reknet al, 1998) who showed that,
Arabidopsisplants with defects in JA signallingdil) or ET perceptiongin2) fail to induce

a subset oPR gene expression, the plant defensin gebé&1.2 a basic chitinasePR-3,
and an acidic heveinlike proteirPR-4), resulting in enhanced susceptibility to some
pathogens. Interestingly, the majority of otherpmses mediated by the JA and ET
pathways are specific to only one of the signalg, JA and ET signalling pathways are
required to induc®DF1.2 The interaction between JA and ET signalling patys is likely

to be downstream, possibly at the level of the ifigedtefence gene promoters, because only
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a small subset of genes is affected by both sigidi, both signalling pathways may
regulate independently some particular processlvedoin pathogen defence response. For
instance, it has been shown that only the JA diggapathway is involved in the induction
of the defence compound 3-indolylmethylglucosimnelatArabidopsiswhen infected by the
pathogerErwinia carotovora(Braderet al, 2001), confirming that that ET and JA pathways

may also function independently in mechanismsabfipgen defence response.

The SA dependent response can be triggered byhagsat that obtains nutrients from living
plant tissue, while the ethylene-jasmonate-depdangihway is activated by pathogens that
kill plant cells to obtain nutrients. In additioih,was suggested that ethylene-jasmonate and
salicylic acid pathways are mutually inhibitory.cBucross-talk probably implies a capacity
for a selective defence against specific types arfagites (Odjakova and Hadjiivanova,

2001).

The interactions between SA and ET signalling appgeabe complex, and there are a
number of examples of synergistic action. A nulitation in theEDR1 gene has been
shown to increase resistance Edasyphecichoracearumand Pseudomonas syringaand
induces rapid activation of defence related geneh asPR-1 (Frye et al, 2001). This
disease resistance induction is independent odghand ET pathways and depends on the
SA-induced defence response pathway. Howelk&;1 gene expression, which is SA-

dependent, is highly induced by ET treatmenednl mutant plants, whereas it is almost
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absent in wild-type plants. This shows that thersignificant interaction between the ET

and SA-dependent pathways.

Some evidence also indicates that SA and JA adrgigiically in plant defence responses
via the activation of the signalling pathways (\\&leeset al, 2000). SA dependent systemic
acquired resistance (SAR) is fully compatible witte JA dependent induced systemic
resistance (ISR). Simultaneous activation of bo#thyways led to an elevated level of

protection against pathogen attack.

In Arabidopsis thalianaSAR and ISR function together against many pathsgncluding
the foliar pathogerPseudomonas syringge/. tomata When SAR and IRS are activated
simultaneously, they confer effective protectiomiagt Pseudomonas syringg®/. tomata
This protection is absent #rabidopsisgenotypes blocked in either SAR or ISR. It has been
shown that in plants expressing SAR, there is fecebn the SAR biomarker gerfirR-1
when the ISR is induced. These findings suggestth@SAR and the ISR pathway which
both require the key regulatory protein NPR1 ammmatible and that there is no significant
cross-talk between these pathways. Plants expgessith types of induced resistance did
not show elevatedprl transcript levels, indicating that the constitutiesel of NPR1 is
enough to favour simultaneous expression of SARI&R These results showed that the
enhanced level of protection is established thramgtergistic activation of complementary,
NPR1-dependent defence responses that are botle agiainst the pathogétseudomonas

syringaepv. tomatao (Van Weest al, 2000)
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1.4.3 Resistance mechanisms

Plants defend themselves against pathogens by bication of weapons from two arsenals:

the passive or pre-existing defence mechanismlanéddtive or induced defence.

1.4.3.1 Passive resistance mechanisms

Pathogens have evolved weapons to facilitate the@sion of plants. Plant defences may be
structural or chemical. The first mechanical barteeinfection is the plant’s surface, which
the pathogen must adhere to and penetrate itdat cause infection (Dangl and Jones, 2001;
Agrios, 2005). Some of the constitutive structulaflences are familiar features of plants and
are present even before the pathogen comes inatavith the plant. Such structures include
the amount and quality of wax and cuticle that cale epidermal cells, lignification of
woody tissues, the structure of the epidermal wallls, the size, location, and shapes of
stomata on lower leaf surfaces and lenticels, hagtesence of tissues made of thick-walled
cells that hinder the advance of the pathogen an glant and may initially stop
establishment of infection structures as well (He&000a; Dixon, 2001; Kamoun, 2001).
Waxes on leaf and fruit surfaces form a water tepekurface, which prevent the formation
of a film of water on which pathogens might be defsal and germinate or multiply. The
toughness and thickness of the outer wall of epidécells are apparently important factors
in the resistance of some plants to certain patmgtnick, tough walls hinder the direct

penetration of fungal pathogens (Agrios, 2005; érger and Lipka, 2005).
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Although structural characteristics may provide lanp with various degrees of defence
against attacking pathogens, it is clear that éisestance of a plant against pathogen invasion
depends not so much on its structural barriersrashe substances produced in its cells
before or after infection. At the biochemical levehany plants produce secondary
metabolites that are not only involved in some eatspef the plant life cycle such as plant
growth or development but some of these chemicadbgbly aid in resistance to insect
pests, and some have antimicrobial activity ang pl&ey role in defence against pathogens.
Some of these constitutive chemicals involved ianpldisease resistance are known as
proinhibitins such as alkaloids, phenolics and pasgticipins (Nirnberger and Lipka, 2005).
Phytoanticipins are low molecular weight compoupdssent in plants before challenge by
pathogens are produced after infection solely fppetexisting constituents (Dixon, 2001).
Saponins are a class of phytoanticipins that dgstrembrane integrity in saponin-sensitive
parasites, and are stored in an inactive formenveicuoles of the plant cell, becoming active
when hydrolase enzymes are released following wiagnar infection (Agrios, 2005)f all
these preformed plant weapons are not sufficienstap pathogen invasion the plant

activates inducible defences.
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1.4.3.2 Active resistance mechanisms

Induced defence responses involve both physicébria@nd biochemical reactions such as
hypersensitive necrotic responses and tissue alhdacemodifications. The biochemical
reactions take place in the cells and tissueseopthnt and the synthesis and accumulation of
antimicrobial reactive oxygen species, phytoaleximsd translation products from
pathogenesis-related genes lead to the localizedforeement of cell walls and
hypersensitive, programmed cell death. These broats reactions are toxic to pathogens
and can also create conditions that inhibit groeftthe pathogen in the plant (Dixon, 2001;

Nurnberger and Lipka, 2005).

1.4.3.2.1 Hypersensitive response

The hypersensitive response (HR) is regarded aobtiee mechanisms, used by plants, to
restrict the spread of infection by microbial pagaos to other parts of the plant (De Wit,
1992; Kwang-Hyunget al, 2004). It involves a complex form of programnell death
(Greenberg and Yao, 2004)R synergistically works with the resistance regeiRR)
which involves the co-ordinated activation of madsfences that limit the growth of the

pathogen in the plant (Greenberg, 1997).

The HR is triggered by the plant when it recogniaggathogen. It is characterized by the
rapid death of cells in the local region surrougdam infection and the changes in their
metabolic activities as well. Their respiration @sses and becomes very slow or

completely stopped, followed by the accumulationt@tic compounds (Agrios, 2005).
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These lead to an inhibitory effect or an unfavoleatondition for the further growth and

spread of the pathogen around the site of infectiorsome cases, HR restricts or kills the
invading pathogen, and in other cases, it seemsigiwal the induction of a cascade of
induced defences (Jeong, 2005; McDowell, 2004adidition, the plant system or those cells
surrounding the infection can also accumulate ngwbduced antifungal chemicals known
as phytoalexins which are small molecular weightmpounds. Studies showed that
phytoalexins are produced when there is microlialck or under conditions of stress, and
are completely absent in healthy tissues (Grayer Betsuo, 2001). In addition, the HR

activates the expression of many plant genes inguthose encoding enzymes of the
phenolic pathway, peroxidases, glucanases, chésnasd hydroxyproline-rich glycoproteins

(Dixon and Lamb, 1990).

The HR can restrict the growth or kill the invadipigtrophic and hemibiotrophic pathogens
that require nutrition from living plant cells fat least part of their infection cycle (Richael
and Gilchrist, 1999). But for non biotrophic patkag that do not require their host cells to
stay alive, cell death alone cannot restrict tlggowth. However for a complete defence
response of the plant, HR has to be supported bywrother induced defence mechanisms
that typically occur within the dying cells and timeir adjacent living neighbours (De Wit,
1992; Huet al, 1998; Molinaet al, 1999; Heath, 2000b).

It has been suggested that signals that condittjacant cells to become responsive to
pathogen elicitors are released by HR cell deatlalf{@m and Graham, 1999). Additionally
those signals can activate systemic resistancedghout the plant. IArabidopsissystemic

acquired resistance depends on secondary oxidétivsts in distant tissues and the
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formation of ‘micro-HRS’; showing that the cell deacomponent of the HR may function

more as a signalling system than as a direct deferechanism (Alvareet al., 1998).

1.4.3.2.2 Systemic acquired resistance

Systemic acquired resistance (SAR) involves brgaettsum, long-lasting, plant defence
responses that primes the whole plant against qubseé infection. It is a process through
which the plant is induced to produce greater tharmal amounts of pathogenesis-related
proteins with antimicrobial activity such as chitinased}-1-3-glucanases, defensins and
peroxidases that form a broad host defence sysgamst phytopathogens (Uknes al,
1992;Plymaleet al, 2007). Additionally, the defence response invdle¢so includes some
physical changes such as cell wall lignificatiord guapilla formation (Schneidest al,
1996). During SAR, one or several translocated agynnvolved in the stimulation of
resistance mechanisms are produced in the unidf@etgs of the plant. As a result, a first
infection predisposes the entire plant to be ma®stant to further infections. Studies
demonstrated that ROS are often generated as wgasmgmals within the cell or to the
neighbouring cells, triggering various reactionshsas the structural development of SAR

(Dixon and Lamb, 1997; Grayer and Tetsuo, 2001).

Evidence has accumulated that SA is a signal fetegyic resistance (Ryaét al., 1996;
Schneideret al, 1996; Sticheet al, 1997; Yanget al, 1997). Studies to discern the factors
responsible for stimulating and controlling SAR odpd that SA produces resistance in

plants to an array of pathogens (Gaffretyal, 1993; Delanet al, 1994; McDowell and
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Dangl, 2000; Parlet al., 2007). SA has long been recognized as one sigading to SAR
due to the fact that its concentration increasasndtically in concert with the induction of
PR genes and resistance after pathogen infection (iaé al, 1990; Métrawet al., 1990;
Durrant and Dong, 2004). The role of SA as a sign&AR induction was documented by
experiments using transgenic tobacco to over egpites enzyme salicylate hydroxylase,
encoded by the nahG gene RB$eudomonas putidéGaffney et al, 1993). This enzyme
catalyzes the conversion of SA to catechol, whichadt an active SAR inducer, by removing
the carboxyl group from SA and replacing it withyadroxy group in a very specific reaction
that utilizes NADH as a cofactor (Gaffney al, 1993; Delanet al, 1994). The plants
expressing nahG gene do not accumulate SA in resptm pathogen infection and are
unable to induce an SAR response to pathogens.eTégseriments underline the direct
involvement of SA in SAR signalling, but they dotreddress whether SA is the long-
distance, phloem-mobile signal for SAR. Anabidopsisplants, another study showed that
180-labeled SA is transported from pathogen-inocdldiaves of tobacco to systemic,
noninoculated leaves, showing that SA itself isdigmal (Shulaeet al, 1995). SA was also
suggested to be converted to volatile methyl skiey (MeSA), which could induce
resistance not only in distal tissues of the irddcplant but also in neighbouring plants

(Shulaewet al.,1997).

Although the above studies indicate that SA is eolind therefore could function as the
long distance SAR signal, an increasing body oflente arguing against SA as the
mobile systemic signal also exists. Rseudomonas syringa@afected cucumber, the

signal for SAR and increased peroxidase activity@doout of the inoculated leaf before
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increases in SA levels were detected in the pe(iheithet al., 1998). This detachment
of leaves fromP. syringaeinfected plants before SA levels rose did not bIGAR
development (Rasmusset al, 1991). Others studies showed that potato ared gam
produce high SA concentrations under non-induciogdgions (Coquozt al, 1995;
Silvermanet al, 1995). In a recent study over one and a halionicDNA reads were
assembled into 34,800 transcript contigs from Aonarichestnut and 48,335 transcript
contigs from Chinese chestnut. The number of gdagged, the length of coding
sequences, and the numbers of tagged members wina families showed that the
cDNA dataset provides a good resource for studghiegAmerican and Chinese chestnut
transcriptomedn silico analysis of transcript abundance identified hunsli@dGDTA in
canker versus healthy stem tissues. These DTA gbeksig to various pathways
involving cell wall biosynthesis, reactive oxygepesies (ROS), salicylic acid (SA),
ethylene, jasmonic acid (JA), abscissic acid (AB#j)d hormone signalling. DTA genes
were also identified in the hypersensitive respoaisé programmed cell death (PCD)
pathways. These DTA genes are candidates for lessitance to the chestnut blight

fungus, Cryphonectriparasitica(Barakatet al., 2012).

1.4.3.2.3 Cell wall fortifications and vascular odasion

Pathogens have to overcome the plant cell wakaah the cell, or sometimes can penetrate
through a natural opening or wound. The cell wallsmany plants are able to modify,
produce or accumulate defence-related compoundsré¢ivdorce the walls and lead to an

increase in resistance. The plant cell walls irctiea to infection can produce or deposit

47



substances such as amino acids, hydroxyprolinesealglycoproteins, phenolic compounds
(lignins and suberin), or mineral elements (sili@ord calcium). Many of these substances
react and cross-link with one another in orderotonf more insoluble cell wall structures that
confine the pathogen and further increase resisttampenetration. Besides these substances,
plant cells can also respond to invading pathoggnsroducing vascular occlusions such as
tyloses and gels which aim to cut off the trangmrastream in the xylem, consequently

immobilising the pathogen (Agrios, 2005).

Lignification is a mechanism for disease resistanteplants, which lead to an ultra-
structurally modified reinforced cell wall (Waltet992). Lignin is an amorphous, three
dimensional polymer whose composition and propertigre different from both
carbohydrates and proteins (Agrios, 2005). It imfibin the middle lamella, as well as in the
secondary cell wall of xylem vessels and the filihed strengthen plants. In addition lignin
occupies the spaces in the cell wall between peaimponents, cellulose and hemicellulose
and confers rigidity and mechanical strength to adek wall, waterproofs xylem elements
and allows for defence strategies against patha@geck (Chabannest al, 2001). The
lignification process enables the cell wall to heeomore resistant to mechanical pressure
applied during penetration by fungal appressoria@sas more water resistant and thus less
accessible to cell wall-degrading enzymes (Zegeal, 2002). In response to invasion by
fungal pathogens, plants assemble cell wall appositlso called callose papillae on the
inner side of cell walls at the sites of attemppeshetration of biotrophic fungi such as
powdery mildew (Zeyeret al, 2002). Callose is made by a few cell types, h@awet is

synthesized made by most cells in response to wograhd during attempted penetration
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by invading pathogens such as fungal hyphae (Agr2305). Callose is a plant
polysaccharide containing high proportion of glieossidues linked together througi,3-
linkages, and is termedpaglucan. Its synthesis is catalyzed by callosel®se o3-1, 3-
glucan synthase and its degradationphbl,3-glucanase in the cell wall (Bell and Hemsley,
2000). Callose synthesis can be initiated in & Geependent or in a &aindependent
manner. Studies showed that localised depositionaibse may begin when €ainflux

increases and activates callose synthase (Bowgé§)1

1.4.3.2.4 Phytoalexins and phenolic compounds inveld in defence response

Phytoalexins are low molecular mass, lipophilicxi¢p antimicrobial substances produced
rapidly around sites of incompatible pathogen itifers and in response #biotic stimuli
such as chemical or mechanical injury and to aerestte array of abiotic elicitors (Agrios,
2005). During compatible plant-pathogen interadjgrhytoalexins accumulate; but they are
tolerated, detoxified or suppressed by the path®@etert-Ttrk, 2002). For example, it was
previously demonstrated that a phytoalexin (cama)exs accumulated during both
incompatible and compatible interactions Anabidopsis thalianafollowing the infection
with Peronospora parasitic@Mert-Turket al, 1998).

Phytoalexin biosynthesis occurs after primary mealiabprecursors are diverted into
secondary metabolic pathways. The diversion of pladéemine into the synthesis of various
flavonoid phytoalexins arises from tle novosynthesis of enzymes, such as PAL, an
enzyme that controls a key branch points in thenplpeopanoid biosynthetic pathway

(Hammond-Kosack and Jones, 2000). Phytoalexinspewduced in healthy plant cells,
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surrounding infected or wounded cells. Their acdatmn is induced by substances
diffusing from damaged cells into the neighbouringalthy tissue (Agrios, 2005). The
resistance is induced when the concentration otgathgxins is sufficient to inhibit the
growth of the pathogen. When leaves of rice wereufated with the rice blast fungus
Magnaporthe griseathe rice leaf phytoalexins sakuraneith and mactolae A were
produced within three days (Grayer and Tetsuo, RA@laddition, it was shown later that
during interaction between resistance rice culivand the blast funguMagnaporthe
oryzae the induction of phytoalexin biosynthetic gened ¢he accumulation of phytoalexins
started at 2 days postinoculation (dpi) which ledat hypersensitive response and the
inhibition of fungal growth, whereas in the susdaptrice cultivars the accumulation of
phytoalexins was delayed and was several timesrlameenpared to the resistant rice
cultivars. Detoxification of phytoalexins is a $&gy used by the fungus to invade the host
plant and prompt induction of phytoalexins upon KRa tactic used by the resistant rice

cultivars to block invasion of the fungus (Hasega&ival, 2010).

It may well emerge for many plant-pathogen inteoas that phytoalexins are synthesized
in response to pathogens infection in order to cedhe severity of secondary infections or

the overall development of virulent pathogens (HamdiKosack and Jones, 2000).

Plant phenolics are secondary metabolites thattitotes one of the most common and
widespread groups of substances in plants; they sgrghesized from the shikimate
phenylpropanoid-flavonoid pathways (Randéiral., 2004). Phenolics usually are stored in

the epidermal cells as well as subepidermal céllsaves and shoots and central vacuoles of
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guard cells during normal processes of differemmtiatPhenolic compounds are known to
have multi physiological properties, which are resktby plants for growth, pigmentation,
reproduction, resistance to pathogens and for mathgr functions (Puupponen-Pimia,
2001). Generally, the role of phenolic compoundfeniee is related to their antibiotic,
unpalatable properties. In plants, during pathagéection or injury, phenolic-storing cells
burst and a chemical reaction leads to the oxidaifgplant phenolics, which serve to lignify
and/or suberize the site of infection. Some phesaoticcur constitutively and function as
preformed phenolics that are synthesized duringhtivenal growth of plant tissues. Others
are induced phenolics that are synthesized by plantesponse to physical injury, pathogen
invasion or abiotic stress (Nicholson and Hammarsdh 1992). It has been also shown that
during vascular defence, phenolic compounds cam r@act as signalling molecules. The
first study that demonstrated that phenolics cavide disease resistance was the case of
onion scales which contains sufficient quantitiesatechol (I) and protocatechuic acid (ll)
to prevent onion smudge disease cause@diletotrichumcircinans.It has been shown that
the spore germination d@olletotrichumcircinansis reduced to below 2% in the coloured
outer onion scales of resistant onion varietiestainmg enough of these two phenols,
whereas in the susceptible varieties lacking thegephenols, the spore germination rate

was 90% (Vincenzet al, 2006).
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1.4.3.2.5 Pathogenesis-related proteins

Pathogenesis-related (PR) proteins were origindigcovered and classified in tobacco
plants hypersensitively reacting to tobacco mosaios infection (van Loon and van
Kammen, 1970); but a number of different PR pradiave been found since then in other
plant species including many monocots and dicats @pear to be ubiquitous in higher
plants (Stintziet al, 1993). PR proteins play an important role innpldefence against
pathogen attack, seed germination and in genergl the plant to adapt to stressful
environment (Odjakova and Hadjiivanova, 2001; AgliR005).They can be induced both
locally and around the infection site and systeityi@avay from the initial infection site. PR
proteins are monomers (with a few exceptions) tieralow molecular mass (8-50 kDa)
which display very characteristic physicochemiaalgerties which aid in their detection and
isolation. The PR proteins are either extremelyliacor extremely basic and have typical
physicochemical properties that make them residtasmicidic pH and proteolytic cleavage
and thus survive in the unfavourable environmentsere they occur, which include
vacuoles, cell walls or intercellular species (&iiret al, 1993). Different PR proteins
families function in various biological activitiehough generally they all secrete their
effector proteins into either the intercellular spgacidic proteins) or the vacuole (basic

proteins).

Initially, five main groups of PR proteins (PR-18®R-5) were characterized by both
biochemical and molecular genetic techniques ira¢ob. They are grouped into families

consisting of several members with similar progsr{iBolet al, 1990). Thereafter, in 1994
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a unifying nomenclature for PR proteins was progdose the basis of their grouping into
families within which they share amino acid seq@sncserological relationships, and
enzymatic or biological activity. Eleven familie®PR-1 to PR-11) were recognized and
classified for tobacco and tomato, with the famsilPR-8 and PR-10 being also present in
cucumber and parsley respectively (Van Lebral, 1999). Afterwards, three novel families
PR-12, PR-13 and PR-14 were recognized in radisbidopsisand barley respectively
(Van Loon and Van Strien, 1999). Criteria usedtfa introduction of new families into PR
proteins are based on the fact that: firstly, thetggn must be induced by a pathogen in
tissues that do not normally express it, and sdgpmttluced expression must occur in at
least two different plant-pathogen combinations,egpression in a single plant-pathogen
combination must be confirmed independently inedéht laboratories (Van Loon and Van
Strien, 1999). Currently on the basis of their @ynstructures, enzymatic properties and
immunologic relationships, PR proteins have beassified into seventeen families (PR-1

through 17) (Okushimat al., 2000; Christensest al, 2002) (Table 1.1).

PR-1, proteins with small size (usually 14-17 kDjdaantifungal activity is the most
abundant group of PR proteins induced by pathogerSA, and is commonly used as a
marker for SAR. Their limited antifungal activityggests a function in plant defence, but its
mode of action or relationship to other proteinsiiknown. The PR-2 family consists of
endog-1, 3-glucanases, which are able to hydrol§ze 3-glucans, a biopolymer found in
fungal cell walls. The PR-3, PR - 4, PR -8 and HR families are all classified as
endochitinases belonging to various chitinase ekgk— VII) (Van Loon and Van Strien,

1999). In plant defence mechanisms, these chitindsgrade chitin, the major structural
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component of fungal cell walls. The PR-5 familydreds to the thaumatin-like proteins and
osmotin-like proteins with homology to permatinsattipermeabilise fungal membranes
(Vigers et al, 1991). PR-6 is a group of proteinase inhibitorslved in defence against
insects and other herbivores, microorganisms anthateles. PR-7 has so far been
characterized only in tomato, where it is a majBr ffotein and acts as an endoproteinase.
The PR-9 family of peroxidases is likely to functicn strengthening plant cell walls by
catalysing lignin deposition in reaction to micralbattack. The PR-10 family is structurally
related to ribonuclease, however their capabildycteave viral mRNA remains to be
demonstrated. The PR-12 defensins, PR-13 typeitlipRR-14 type lipid transfer proteins,
PR-15 type oxalate oxidase and PR-16 type oxabitéase-like proteins all may have
antifungal and antibacterial activity, exertingitheffect on the target microorganism at the
level of the plasma membrane (Bohlmann, 1994; Gabdmedoet al, 1995; Broekaerét
al., 1997). The PR-17 family was found in tobacco thgir properties are still unknown

(Okushimaet al., 2000).
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Table 1.1 The families of pathogenesis related preins [(adapted from Van Loon and

Van Strien, 1999)].

Family

PR-1

PR-2

PR-3

PR-4

PR-5

PR-6

PR-7

PR-8

PR-9

PR-10

PR-11

PR-12

PR-13

PR-14

PR-15

PR-16

PR-17

Type member

Tobacco PR-1a
Tobacco PR-2
Tobacco P, Q
Tobacco 'R’
Tobacco S
Tomato Inhibitor |

Tomato R

Cucumber chitinase

Properties

Unknown
B-1,3-glucanase
Chitinase typeIv,v,vi,Vii
Chitinase type |, Il
Thaumatin-like
Proteinase-inhibitor
Endoproteinase

Chitinase type I

Tobacco 'lignin-forming peroxidase' Peroxidase

Parsley 'PR1'

Tobacco ‘class V' chitinase

Radish Rs-AFP3
Arabidopsis THI2.1

Barley LTP4

Barley OxOa (germin)

Barley OxOLP

Tobacco PRp27

Ribonuclease-like
Chitinase, type |
Defensin
Thionin
Lipid-transfer protein
Oxalate oxidase
Oxalate oxidase-like

Unknown

Gene symbol
Yprl
Ypr2,[Gns2('GIb%]
Ypr3, Chia
Ypré4, Chid
Ypr5
Ypr6, Pis('Pin’)
Ypr7
Ypr8, Chib
Ypr9, Prx
Yprl0
Yprll, Chic
Yprl2
Yprl3, Thi
Yprl4, Ltp
Yprl5
Yrpl6

Yrpl7
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1.4.4 Plant disease resistance genes

1.4.4.1 Transcription factors

Transcriptional activation of genes is a cruciattpaf the plants defence system against
pathogens. This activation by the signals in tHeraecleus leads tale novosynthesis of a
variety of proteins and antimicrobial compoundse Hnchitecture of the promoters leads to
the differences in the expression patterns of ggthaesponsive genes. Transcription factors
that have an important role in defence responsengab WRKY, bZIP, ethylene responsive
element binding proteins (EREBP), Whirly and Mylmtein families. EREBS, WRKY and
Whirly proteins appear to be unique to plants wagrether transcription factors such as

bZIP and Myb proteins also have counterparts imafg (Rushton and Somssich, 1998).

WRKY proteins are a large family of transcripticacfors which appear to exist exclusively
in plants. Studies revealed that the WRKY familygists of more than 90 members in rice
and 74 members iArabidopsis thaliana(Ulker and Somssich, 2004). All these proteins
share in common, a DNA-binding region of approxiehatc0 amino acids in length (the
WRKY domain) which contains the conserved aminal aa@quence motif WRKYGQK,
adjacent to a novel zinc-finger motif. WRKY fadahow high binding affinity to a DNA
sequence characterised by the signature sequefite TGAC (T/C) known as the W box
(Eulgemet al, 2000). W-box-dependent binding activity requipesh the invariable WRKY
amino-acid signature and the cysteine and histidasedues of the WRKY domain, which

tetrahedrally coordinate a zinc atom. The invagalRKY amino-acid signature and the
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cysteine and histidine residues of the WRKY domaihich tetrahedrally coordinate a zinc

atom, are required for the W-box dependent binditiyity (Ulker and Somssich, 2004).

In many plants species, the transcription of the WWRyene is strongly and quickly up
regulated in response to pathogen attack, wounalirapiotic stresses. In tobacco, multiple
WRKY genes are induced after infection with baeten tobacco mosaic virus, or treatment
with fungal elicitors SA or BD, (Yodaet al, 2002; Takemotet al, 2003). In addition, 49
out of 72 tested WRKY genes iArabidopsis responded to bacterial infection or SA
treatment (Dongpt al, 2003); it may also happen that an even highesgmage is induced
throughout the whole plant (Kal@g al, 2003). Several lines of evidence also demors#aat
specific role of WRKY transcription factors in date-induced MAPK kinase signalling
cascades (Wanret al, 2004). Two Arabidopsis WRKY factors (AtWRKY22 and
AtWRKY29) have been characterized as important didsgam components of a MAPK

pathway that give resistance to both fungal andieb@t pathogens (Asai, 2002).

1.4.4.2 The concept of gene-for-gene resistance

According to the gene-for-gene model for plant a@sgeresistance, an incompatible reaction
results from the interaction of the product of anplresistance gene with the product of the
corresponding avirulence gene that induces thencbfsignal transduction events which
leads to the activation of defence mechanisms, skaysping the pathogen growth (Agrios,
2005). The results of this concept is that the petal of resistance genes in gene-for-gene
interactions work as receptors for specific ligarsysthesized by the pathogen, either

directly or indirectly through expression of aveote genes. This specific receptor-ligand
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recognition event, elicits through signal transduct a complex cascade of defensive
responses observed as the resistant phenotypekd®tes et al, 1995; Gachomeet al,

2003). Further study demonstrated that there areynexceptions to the gene-for-gene
model and that most interactions between R andglwes are indirect, involving perception

of pathogen derived proteins within a complex (HandiKosack and Parker, 2003)

1.4.4.3 Resistance genes

Resistance genes based on their predicted preteictural characteristicsan be classified
into six classes whose products seem to activatendar range of defence mechanisms
(Table 1.2). These six classes of R genes are tbodmg for: TIR/NBS/LRR proteins,
detoxifying enzymes, kinases, extracellular receppt@ protein couple receptor and receptor
kinases (Ayliffe and Lagudah, 2004). R genes simgcand loci discovery provides insight
into R gene evolution and function which can leadew strategies for plant disease control.
An increasing number of R genes have been isofabad plants such as tHeto gene from
tomato which encodes a ser/thr protein kinase toaifers resistance t®seudomonas
syringaecarrying the avirulence gersrPto (Martin et al., 1993); the tomatd&f-x genes
which confer resistance ©Gladosporium fulvumand which encode single pass membrane
proteins with extracellular LRRs (Jond$£94); the rice resistance geXa2lwhich confers
resistance against the bacterial pathoganthomonas oryzgev. Oryzae(Songet al., 1995)
and the RRS-1 gene froArabidopsiswhich confers resistance Ralstonia solanacearum

(Meyerset al, 1999).
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The genes that encode NBS—LRR proteins constifetdargest and most diverse family
of resistance genes in plants (Wroblewskal, 2007). The NBS-LRR genes encode for
a family of proteins with a centrally located nuwatide-binding site (NBS) and a C-
terminal leucine-rich repeat (LRR) region (Figuré)1 This family of plant resistance
genes function in a classical gene-for gene interadn which pathogen elicitors are
recognised by the C-terminal LRR receptor regiod ar{(HR) hypersensitivity response
is activated. Amongst plant species, NBS-LRR pratetan be subdivided into two
subgroups based on deduced N-terminal structuediifes; firstly those containing an
amino terminus domain with homology to the intradal signalling domains of the
Drosophila Toll protein and mammalian interleukin (IL)-1 reters (TIR-NBS-LRR)
and secondly those with a leucine zipper or coded-domain (CC-NBS-LRR) (McHale
et al, 2006). Several subfamilies of the CC-NBS-LRR <lasry in the location of
coiled-coil domain and in size. Studies showed tirdyy CC-NBS-LRR is present in
monocotyledonous species, whereas both subgroadswand in dicotyledonous species,
with TIR-NBS-LRR genes being the more abundantscl@3angl and Jones, 2001;
Ayliffe and Lagudah, 2004)A recent study of strawberry plant defence mecmasis
showed the ability of a strawberry plant to respafiiciently to pathogens. It relies
firstly on the physiological status of injured tiss(pre-formed mechanisms of defence)
and secondly on the general ability to recognizidantify the invaders by surface plant
receptors, followed by a broad range of induced haeisms, which include cell wall
reinforcement, production of reactive oxygen spgciphytoalexin generation and

pathogenesis-related protein accumulation (AmilzRaial 2011).
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Table 1.2. The six classes of plant resistance gerjéadapted from Hammond-Kosack and Jones (2000); &inmond-Kosack and

Parker (2003); Ayliffe and Lagudah (2004)].

Class R protein predicted features
la Detoxifying enzymes
2a Intracellular proteins kinase
Intracellular proteins kinase with 2 tandem

2b . X
kinase domains
3a TIR-NBS-LRR

3b TIR-NBS-LRR-NLS-WRKY
3c CC-NBS-LRR

3d NBS-LRD
Extracellular LRR with single membrane
4a spanning Region and short cytoplasmic
carboxyl terminus (eLRR-TM)
4b CC- eLRR-TM-ECS
eLRR-TM-PEST-ECS
Extracellular LRR with single membrane

5 spanning Region and cytoplasmic kinase
domain ( eLRR-TM-kinase)
6 G protein coupled receptor

Gene
Hm 1

Pto
Rpgl
N

RPP1, RPP4, RPP5 Arabidopsis

Arabidopsis
Arabidopsis

RRS-1
RPS2
Mlal/Mla6
Rp1-D
Rp3
Lr10, Lr21

Pm3
Pi-ta

Cf-9,Cf-2,Cf-4,Cf-5

Vel
Ve2

Xa-21

mlo

Plant
Maize

Tomato

Barley

Tobacco

Barley

Maize
Maize

Wheat
Wheat
Rice
Tomato

Tomato
Tomato
Rice

Barley

Pathyzn

Helminthosporium maydis (rac
Pseudomon. syringae pv tomoato

(avrPto
Puccinia graminis f.sp.trit

Tobacco mosavirus

Peronospora parasitica (avrRPP1

avrRPP4, avrRPP5)
Ralstonia solanaceart

Pseudomon. syringae pv
maculicola (avrRpt2)
Blumeria graminis f.sp. horc
(race 1, race 6)
Pucinia sorghi

Puccinia sorgt

Puccinia triticin:
Blumeria gramin
Magnaporthe grisea (avrPit

Cladosporium fulvu
(Avr 9, avr2, avr4, avr:

Verticillium albe-atrum
Verticillium alb¢-atrum

Xanthomonas oryzae pv ory:
(alla races

Blumeria graminis f. sp. horc

Pathogen

Necrotrophic fungt

Extracellular bacter

Biotrophic intracellular fung

Intracellular viru

'Biotrophic intracelular Oomycete

Extracellule bacteria

Extracellular bacter

Biotrophic fungu
Biotrophic intracelleular fungus
Biotrophic intracellular fungus

Biotrophic intracellular fungus
Biotrophic intracellular fungus
Biotrophic fungu

Biotrophic extracellular fungus

Extracellular fungt
Extracellular fungus

Extracellular bacter

Biotrophic fungL
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Examples

Bs4, L6, N protein,
RAC1, RPP5, RPS4
and Y-1

N NBS
N—@ NBS
B

RRS1

12, Mi, Mla, Prf, RPP8,
RPP13, RPS2, RPS5
and Rx

C Bs2, RGC2 and RPM1

NBS

(adapted from McHaleet al., 2006). The proteins included in this representation with
each configuration are shown on the right. Bs4MR,and Prf are from tomato; L6 from
flax; N from tobacco; RAC1, RPP5, RPS4, RRS1, RARBP13, RPS2, RPS5, and
RPM1 fromArabidopsis Y-1 and Rx from potato; Mla from barley; RGC2rrdettuce;
Bs2 from pepper. N, amino terminus; TIR, Toll/inéeikin-1 receptor-like domain; CC,
coiled-coil domain; X, domain without obvious CC tiftoNBS, nucleotide binding site;
L, linker; LRR, leucine-rich repeat domain; WRKYine-finger transcription factor-
related domain containing the WRKY sequence; (havayl terminus.

Recently (Varga®t al, 2012), transcriptomic, histological, and biocheah studies

of the early events were performed during the tndacof maize Zea mayk with
Colletotrichum graminicolaa model pathosystem for the study of hemibiotyoph
Time-course experiments revealed that mRNAs of reéwvéefence-related genes,
reactive oxygen species, and antimicrobial compsuaidbegin to accumulate early

in the infection process and continue to accumulaténg the biotrophic stage. The
authors also identified several novel putative falngffectors and studied their
expression during anthracnose development in maibe results of this study
demonstrated a strong induction of defence mecimnigccurring in maize cells
during C. graminicola infection, even during the biotrophic developmeftthe

pathogen (Vargast al, 2012).
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1.5 COMPONENTS OF AVOCADO DEFENCE MECHANISMS

1.5.1 Preformed antifungal compounds in avocado fiits

In the past years, several investigations revetilat natural sources of resistance are
present in avocado fruit; as in other plant spe@gscado has the ability to respond to
pathogen attack and possesses a preformed andimibie defence strategy. Prusky and
colleagues (1982) demonstrated that unripe avochdds are resistant toC.
gloeosporioidesdue to the presence of high concentrations of pmefd antifungal
chemicals. Extracts derived from the exocarp @dlity harvested fruits inhibited 78% of
fungal growth as compared with 7% for extracts frape fruits displaying disease
symptoms (Prusket al, 1982). The major antifungal compound that condgidhe
fungal quiescence in the fruit was shown to beéteag/-2-hydroxy-4-oxo-heneicosa-12,
15-diene. Subsequent research led to the discaMesy second antifungal compound,
which was subsequently purified from unripe avocddats (peel and flesh) and
identified as 1-acetoxy-2,4-dihydroxy-n-heptade6aehe. This monoene was less

fungitoxic than the diene (Prusky al, 1991a).

Later, three other antifungal compounds were isdlitom the peel of immature avocado
fruit and identified as 1,2,4-trihydroxyheptadecyite; 1,2,4-trihydroxyheptadec-16-ene
and 1l-acetoxy-2, 4-dihydroxyheptadec-16-ene, whogether with the two previously
described diene and monoene compounds constitatarttifungal chemical arsenal of
the unripe fruit peel (Adikaranet al, 1993). (E,Z,Z )-1-Acetoxy-2-hydroxy-4-oxo-
heneicosa-5,12,15-triene was also isolated frommt&w@&ocado idioblast cells and shown

to inhibit C. gloeosporioidegermination and germ tube elongation (Domergtal,
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2000). The main action of these antifungal compsuisdto maintain the fungus in a
guiescent stage, which is a phenomenon where iofetdkes place in the early stage of
fruit development, but the disease appears laten ¢ine near-mature or mature stage of

the avocado fruit (Guyadt al. 2005).

In order to confirm the antifungal properties oésk compounds, a recent study revealed
that inoculation of harvested and unharvested Euevocado fruits withC.
gloeosporioidedead to an increase in the antifungal diene aeddrlevels, particularly

at 2 days post infection (Marimani, 2011). The atifen process of the fungus was more
efficient and striking in harvested fruits, whicbntain low antifungal diene contents,
than in unharvested fruits that are more resistanthe fungus due to their higher
concentration of diene contents (Marimani, 2011lhe Tuse of systemic resistance
inducers, such as potassium silicate in avocadts frafected withC. gloeosporioides,
increased the presence of antifungal compoundspatehtially decreased anthracnose

incidence (Bosset al, 2011).

1.5.2 Molecular basis of resistance in avocado

Recently, Mitteret al (2011) used genetic modification to deliver RNRrscing based

resistance t&hytophthora cinnamonmn avocado through the transformation of avocado

somatic embryos of selected rootstocks. This teglmiis well adapted to produce

avocado plants with disease resistanc®hytophthoraroot rot (Mitteret al, 2011).

The activity ofp-1,3-glucanases was highly up regulated in avocadtstock resistant

clones infected withP. cinnamomi6 hours post inoculation, with no significantpesse
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in the more susceptible avocado rootstock clonegig@het al, 2011). Subsequently,
confocal microscopy showed limited spread of hyphabe resistant clones 12 days post
inoculation and abundant hyphae in the susceptildtstock. These studies have opened
up an understanding of resistance mechanisnt. twnnamomiin avocado rootstocks

(Christieet al, 2011).

The first avocado transcriptome study of differalhyi expressed genes in avocado root
infected byP. cinnamomiusing the Roche 454 GS FLX Titanium platform hagrb
reported by Mahomeet al (2011). 454 Pyrosequencing of uninfected andctefi
tolerant avocado root cDNA libraries was condudtddwed by bioinformatics analysis.
A total of 2.0 Mb of sequence data were generatgdhe single sequencing run,
consisting of 9953 reads assembled into 371 canfiggy genes were identified and
predicted to be involved in: cellular processe$elee mechanisms, cellular components,
stress responses, ribosome structure, cell waklita@l proteins, protein binding,
mitochondrial proteins, ATP binding, signal transtion, translation and ribosomal
structure, chaperones, carbohydrate metabolismaceltular trafficking, transcription,
cytoskeleton, inorganic ion transport and metaoliSome of the identified genes are
those coding for fructose-bisphosphate aldolasdallathionein, pathogenesis related
protein, thaumatin, universal stress proteins aadyrgenes of unknown function. This
study was the first step in elucidatify cinnamomiand avocado root interaction on a
molecular level (Mahomedt al, 2011). Their data is currently the only EST diuat
has been generated for avocado rootstocks, an&3fe identified have already been
useful in identifying defence-related genes as wasliproviding gene information for
other studies looking at processes such as RO%ateguand hypoxia in avocado roots.

Those EST data will aid in the elucidation of thgo@ado transcriptome and
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identification of markers for improved rootstockebding and screening (Mahomed and

van den Berg, 2011).

Very few genetic resources are available for avocascepting studies on genetic
relationships and the molecular characterizatiomhefflowers and fruits (Chernys and
Zeevaart, 2000; Chanderbali al, 2008) Chernys and Zeevaart (2000) monitored the
expression of the 9-cis-epoxycarotenoid dioxygergesee family during the ripening
process in avocado and the regulation of abscist lsosynthesis. The expression of
two of the genes studied (PaNCED1 and PaNCED3)imdagced during fruit ripening
and the expression of the last gene studied (PaNE#&Bs constant during the wilting of

leaves and ripening fruits (Chernys and Zeeva@fApp

Some avocado genes have been cloned and sequamcedas AVOe3 mRNA, a
ripening-related gene (McGarvey al, 1990), and cytochrome P 450, (O’'Keefeal,
1992), Twenty three cDNA clones wth homologies isteine proteinase inhibitor,
endochitinase, polygalacturonase and stress-relpteteins (Dopicoet al, 1993),
polygalacturonase (Kutsunet al, 1993) and cellulose (Tonugt al, 1995) have been

identified.
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1.6 AIMS OF THE PROJECT

Resistance to anthracnose disease may involverbajbr and minor genes in avocado
fruit. 1dentifying and understanding all these impat elements would result in better
resistant cultivars being bred and ultimately brajteality fruit being produced. But, there
is limited genetic information as the avocado geadras not yet been fully sequenced.
Therefore, this project aimed to identify a bropdcrum of avocado genes differentially
expressed following:. gloeosporioidesnfection. Moreover, the study will enhance our
understanding of the molecular basis of defencporese mechanisms and signalling
networks involved in avocado fruit againSt gloeosporioidesattack and could also
contribute to the design of effective alternativeedse management strategies at a time
when there is movement away from continued use grbchemicals for disease

prevention.

We focused on comparing cDNA libraries generatechfhealthy avocado fruit and fruit
infected withC. gloeosporioidesysing the Roche 454 GS FLX Titanium Platform. The
Fuerte cultivar was used to establish a model gesgstem for the avocado fruit. As
although all avocado varieties are susceptible mthracnose to varying degrees
(Section1.3.4) there is already a good body of kedge on the resistance respons€to
gloeosporioidesin Fuerte involving preformed antifungal compour(@&ection 1.5.1).
Fuerte is one of the most commercially importanietees. It was necessary to include
both pre- and post-harvest fruits becaGsegloeosporioidegauses quiescent infections
in unripe fruit due to high concentrations of theefprmed antifungal compounds
(Section 1.3.4), and this study could elucidategheretic and molecular control of this
mechanism. The strategy undertaken here doesqoire prior sequence knowledge or

genome reference, and relies exclusively on publeailable software and basic
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scripting tools. This study is the first exploratiof differentially expressed candidate

genes in Fuerte avocado fruit following infectionhwC. gloeosporioides.

The specific objectives of this project were:

The observation of th€. gloeosporioidesnfection process on infected avocado

fruits.

. The development of an efficient procedure to exthagh quality and quantity of
total RNA from avocado fruit.

. De novotranscriptome sequencing and analysis of bothnyekted and harvested
uninfected and infected avocado fruits (cv. Fuant#g 454 Sequencing.

. The identification and characterization of defemeéated genes involved in

avocado fruit (cv. Fuerte) responsegXogloeosporioidesfection.

The construction of a model of resistance/susciiptior Fuerte avocado fruit.

In addition to the literature review, the thesigpresented as a compilation of five other
chapters as follow:

Chapter 2: The observation dfolletotrichum gloeosporioidesnfection on infected
avocado fruit (cv. Fuerte)

Chapter 3: The isolation of high quality RNA frohetfruit of avocadoRersea americana
Mill.)

Chapter 4: 454 Sequencing for the identification geines differentially expressed in
avocado fruit (cv. Fuerte) infected bylgtotrichum gloeosporioides

Chapter 5: Resistance responses of avocado fruiCdtetotrichum gloeosporiodes
infection

Chapter 6: Conclusions
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CIRAPYIER 2

THE OBSERVATION OF COLLETOTRICHUM
GLOEOSPORIOIDES INFECTION ON

INFECTED AVOCADO FRUIT (cv. Fuerte)



2.1 INTRODUCTION

In South Africa, avocadosPérsea americanaMill.), comprise a large portion of the
subtropical fruit industry (Donkin, 2007). In theldropical environment, where avocado is
grown, fungal diseases cause important reductiongald and quality of avocado fruit
(Perneznyet al, 2000). Fuerte avocados seem to be the mostieetype of South
African avocado to post-harvest infection and fratt followed by Edranol, Hass and Ryan
(Darvas & Kotze 1981). When the avocado fruitsrameimally ripe, the symptoms of these
post-harvest diseases first appear but they caonbequite severe as the fruits continue to

ripen (Hopkirket al. 1994).

The phytopathogenic fungu€plletotrichum gloeosporioide@enz.) Penz. & Sacc. is the
most important post-harvest pathogetacking a wide variety of tropical and subtropica
fruits (Coateset al, 1993). At the post-harvest level, disease cabydtl gloeosporioides

is referred to as anthracnose. Anthracnose caasems$ in the avocado fruit. Bruising and
lesions in the skin aids the entry of other micgamisms into the fruit that may cause post-
harvest fungal diseases (Sivanathan and Adikard8)2@VhenC. gloeoesporiodesattacks
avocado fruits, its conidia germinate on the feuitface and fornappressoria and infection
pegs that penetrate the fruit cuticle until thedepmal cellwall is approached (Coatesal,
1993; Zamora-Magdalenet al. 2001). At this stage, the infection becomes geesc
where infection occurs early in fruit developmdnif the disease symptoms appear in the
near-mature or mature stage (Gugbfal. 2005). The preformed antifungabmpounds in
the peel and flesh of unripe avocado fruits arparsible for the quiescence phase (Prusky
and Keen1993). During fruit ripening, a transition tanacrotrophic stage occurs, after the

decrease in the levels tie preformed antifungal compounds in the fruifedttion pegs
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during ripening penetrate through the epidermdlwall to the lumen of the cells, which
results in softening and cell death. The productémlant cell wall degrading enzymes
causes a transition from the hemibiotrophic stagendcrotrophic attack (Coates al,
1993). C. gloeosporioides can produce endopolygalacturonase (Pruskyal 1989;
Yakoby et al, 2000), pectin lyase ApflA) (Bowenet al, 1995; Templetoret al, 1994),
pectin methyl esteras@rtega 1996), and pectate lyase IB) (Wattadet al, 1997)
during the colonization of infected tissue. Theseyenes can be regarded as pathogenicity

factors.

The purpose of this investigation was to observe eonfirm the infection cycle o€.
gloeoesporiodeson harvested and unharvested avocado fruit usaamnnéng electron
microscopy and confocal laser scanning microscopyairallel with the main objective of
the project which was to analyse differential gexpression in avocado induced By
gloeoesporiodesnfection. The identity of the fungal isolate uséds already been
confirmed from spore morphology and PCR with germosgiquence analysis by Marimani

(2011).
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2. 2 MATERIALS AND METHODS

2. 2.1 Study site

The experimental study site was at Roodewal farialspruit, Mpumulanga, South Africa
(25°2854.62'S 30°5615.34'E) (Figure 2.1) on orchard 7, which contained Faiestocado
trees. Orchard 7 was approximately 2.5 hectares thadirees were young and small
(approximately 2-3 metres in both height and widitijh approximately 2-3 metres
between each tree. The size and distance betwedre#fs allowed some ease in controlling
the amount of each treatment per tree. The agbeofrtits was approximately 240 days

after fruit set just before the first seasonal katwf the Fuerte crop.

Figure 2.1. Geographic map of Roodewal farm, Nelspit, South Africa, generated

on ESRI ArcExplorer 1.1. Orchard 7 indicated by arrow.
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2. 2. 2 Fungal Inoculum

The fungal isolate ofC. gloeoesporiodesvas isolated from an anthracnose lesion on a
Fuerte avocado fruit (Giovanelli, 2008). The fungi)l8 mm) was cultured on 5% w/v Malt
Extract Agar (MEA) (Merck); a modified version dfe Modified Merlin Norkrans (MMN)
medium (malt extract 3.0 g, glucose 20.0 mg, ammomuonihydrogen phosphate
[(NH4)2HPOy] 250.0 mg, potassium dihydrogen phosphate JKBi] 500.0 mg, hydrated
magnesium sulphate [MgQ@H,0O] 150.0 mg hydrated calcium chloride [CaCIl,ZH 65.0
MG, ferrous chloride (1 %) [Feg}l1.2 ml, sodium chloride [NaCl] 25 mg, thiamine HC
0.1 g, peptone 750 mg, agar 15.0 g); and oatmeal (&) (oatmeal [Jungle Oats] 60.0g,
agar 12.5 g). The plates were incubated for twokeet 25 °C and the different media
monitored for optimal spore production. Spore sasyas (conidia) of the fungus were
prepared by adding 10 ml of 0.05 % Tween-80 (Siddaaich) to the fungal cultures.
Spores were harvested by using a glass spreaddiltaneldd through four layers of sterile
cheesecloth to remove the fungal mycelial debrsitrduged at 10 00@ (Spectrafuge
24D, Labnet) for 1 min and adjusted to 1 X’ Kpores per ril storage buffer using a

haemocytometer (Marienfeld, Germany) (Pruskwl, 1990) and stored at -20°C.

2.2.3 Plant Materials and Inoculation

In the field, the experiment used unharvested (itaded and uninoculated) and harvested
(inoculated and uninoculated) fruits. Before in@atig, the fruit surface was sterilized by
immersion in 1 % sodium hypochlorite (JIK) for 1Gnfollowed by rinsing in sterile
distilled water three times and was left to air.dijterwards the fruits were wiped with

70% ethanol (Merck) and allowed to air dry (Giovdn2008).
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For in planta inoculations, the fruits were wounded and ino@datvith 100pul of C.
gloeosporioidespore suspension (1 x 1€pores per i) using a sterilized needle of 2 mm
length and 1 mm thick. The inoculated fruits wesgeared with a clean plastic bag in which
distilled water was sprayed to maintain humiditgr Ehe post harvest inoculation, after the
sterilization steps, the fruits were wounded andcutated with 100ul of the spore
suspension. Fruits were incubated at 25 °C indi@iaium trays covered with aluminium
foil and humidity was maintained by placing a Pdish filled with sterile distilled water at
the centre of each tray (Kwang-Hyurgal, 2004). One uninoculated fruit was used as a
control for both unharvested and harvested experisneThe control fruits for both
unharvested and harvested fruits were treatedasimiio infected fruits but were inoculated
with 100 pl of sterile distilled water. The control fruit wadaced in a separate tray to
prevent the spread of infection.

Symptom development was monitored daily from dayplto 7 day post inoculation on
both inoculated and uninoculated fruits and tissuese harvested after 1, 2, 3, 4, 5 and 7

days post-infection.

2.2.4 Confocal laser scanning microscopy (CLSM)

Avocado peels were cleared and stained using eeguoe described by Brundredt al
(1993). The peels were cleared in 2.5% KOH at 90%Cleaving them to stand until
discolouration of solution occurred, approximatdl min. After clearing, peels were
captured on a sieve, rinsed with water and acutlifig soaking in 1% HCI for 24 h.
Acidified peels were stained with a concentratié®.65% Trypan Blue in acidic glycerol
solution (50% v/v glycerol and 1% HCI) for 15 min@°C. Trypan Blue stained lignified

or suberised cell walls in peels, especially xylemjodermis and exodermis cells. Staining
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guality was substantially improved by destaininglpan acidic glycerol for several days
prior to observation, to allow excess stain to treaat. Tissue was mounted onto 76 X 26
mm slides (B&C, Germany) with 22 X 50 mm cover-slifbeckglaser). The slides were
viewed under a confocal laser scanning microscdfgSS LSM 410) at 488 nm (for the

green colour) at 25 X magnification. Fluorescewthgocyanate was used for excitation.

2.2.5 Scanning=lectron Microscopy (SEM)

SEM was performed using a method described by Ralled al (2004), with some

modifications. Pieces of fruit peel were excisethgs sterile scalpel and fixed with 2 %
(v/v) glutaraldehyde (Merck) in 0.1 M potassium ppbate buffer (pH 7.0) for 3 h. After
fixing, tissues were briefly rinsed in 0.1 M potass phosphate buffer (pH 7.0) and
sequentially dehydrated in a graded ethanol séti@s30, 50, 70 and 90 % for 15 min (two
changes of each) and in 100 % (v/v) ethanol (Mefok)1 h. The ethanol was removed
from the tissues by critical point drying (HITACHHCP-2 Critical point Dryer). Tissues
were mounted on stubs using graphite and allowedirtdry, covered with carbon and
coated with gold, and observations were made wilE@L JSM-840 instrument operated

at 15 kV.

2.2.6 Partial test of Koch’s postulate

The fungus was re-isolated from infected fruitsngdihe tissue transplanting technique and

cultured on MEA and compared to the original cwiuo confirm that no other fungus was

present and that the symptoms observed, were chydée inoculate.
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2. 3. RESULTS

2.3.1 Observation of the infection process o€. gloeosporioides in avocado using

Confocal Laser Scanning Microscopy (CLSM)

Observations from CLSM did not show any fungal cites or spores characteristicf
gloeosporioidesn any of the inoculated sites from 1 h to 5 dpawever, an increased
number of ellipsoid spores were observed at 7 dpwbthout any fungal hyphae (Figure
2.2). In the uninoculated fruit (controls) fung#iustures and spores were not observed at

any time point.

2.3.2 Observation of the infection process @. gloeosporioides in avocado using SEM

The SEM showed no fungal structures in any of the fnoculated sites from 1 h to 1 dpi.
Few dispersed ellipsoid spores, which charactetizgloeosporioideswithout anyfungal
hyphae were observed on the inoculated fruit sedfadt harvested fruits starting from 2 dpi
(Figure 2.3 B) and 3 dpi (Figure 2.3 C). Startingi 3 dpi, fungal hyphae started to appear
on inoculated fruit surfaces of harvested fruitg@fe 2.3 D). Some of those fungal hyphae
were attached to the fruit surface with or with@pores and others were forming a
mycelium. At 4 dpi in most harvested fruits, anreased number of spores were observed
which resulted from a successful hyphal colonizabbthe fruit surfaces (Figure 2.4 A, B).
At 4 dpi in harvested fruit, severe tissue destomcand damage had commenced with some
hyphae protruding out of the lenticels, which résailin cell wall and cuticle destruction

(Figure 2.4 C, D).
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Figure 2.2. Confocal laser scanning micrographs ofvocado fruit from 1 d to 7 d
post inoculation with C. gloeosporioides. (A) Uninoculated fruit (control). (B) Harvested
inoculated fruit surface at 5 dpi. (C-BJ. gloeosporioidesspores on the surface of

inoculated harvested fruit at 7 dpi.

By 7 dpi there was an increase in the density ofetiym and in the number of spores
observed on the fruit surface (Figure 2.5 D). Hogvein some inoculated fruits, cell wall
and cuticle destruction was increased, as more aggodestruction occurred, thereby,
increasing the exposure of the mesocarp layer &igure 2.5 B, C) and hyphae were
observed emerging through many lenticels (Figute &. In none of the control fruits

treatments, were any fungal structures observedgdo 7 dpi, showing that there was no
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fungal infection and or contamination (Figure 2.8 ¥ general, symptom development on

unharvested fruit was much less severe and delaytlds to 7 d compared with harvested

fruit (data not shown).

Figure 2.3.Scanning electron micrographs of harvested avocadeouit infected with C.
gloeosporioides from 2 d post inoculation (dpi). (A) Uninoculated fruit (control) at 2 dpi.
(B) Ellipsoid spore ofC. gloeosporioide®n the inoculated fruit surface at 2 dpi and gt (C

3 dpi. (D) Surface hyphae protruding out of thecinated fruit surface at 3 dpi.
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Figure 2.4. Scanning electron micrographs of harvésd avocado fruit infected with C.
gloeosporioides at 4 and 5 dpi.(A) An increased number @&. gloeosporioidespores on
the surface at 4 dpi. (B) Surface hyphae intergatiith each other to form a mycelium at 4
dpi. (C) Destruction of the exocarp, leading toseduent exposure of the mesocarp layer

at 4 dpi. (D) Hyphae protruding out of lenticebadipi.
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Figure 2.5. Scanning electron micrographs of harvésd avocado fruit infected with C.

gloeosporioides at 7 dpi. (A) Hyphae protruding out of lenticel. (B-C) Increasegbosure of
the mesocarp layer, due to an increase in thewtdisin of the fruit exocarp layer. (D) An

increased number of hyphae interacting with eablkrdb form a mycelium.

2.3.3  Partial test of Koch’s postulate

The isolates ofC. gloeoesporiodese-isolated from infected avocado fruits expregsin

symptoms of anthracnose were grown on MEA at 28$8een on Figure 2.6.
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Figure 2.6 Morphological identification of Colletotrichum gloeosporioides from
ellipsoid spores examined under the light microscap using high power (A) and
Culture of C. gloeoesporiodes isolated from infected avocado fruits expressing
symptoms of anthracnose (B)Spores were ellipsoid in morphology with an average
of 11.9 X 4.7um.
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2.4 DISCUSSION

No anthracnose symptoms were noted for up to Thdpnharvested fruits and lesions were
less severe. This suggested tkat gloeosporioideshad formed quiescent infections in
unharvested fruits. Various causes have been amesidas an explanation for quiescent
infections by a pathogen in unripe fruits: insuffitt enzyme production by the fungus, its
nutritional requirements and the presence of amgifil compounds that inhibit pathogen
development in unripe but not in ripening fruitsu{®t et al. 2005). The involvement of
antifungal compounds in quiescent infections ofpafruits was suggested to be the result
of either their induction or their presence as gmeked compounds (Prusky and Keen,
1993). Fungal inhibition during quiescent infecBoonf C. gloeosporioideson unripe
avocado fruits was suggested to result from thesgoree of the preformed antifungal
compound 1-acetoxy-2-hydroxy-4-oxo-heneicosa-12iighe (Pruskyet al, 1982). This is
considered to be the same compound as AVII foun&ignathan and Adikaram (1989)
who also found three other less toxic compounds.ti#dse compounds decrease to a
subfungitoxic level upon harvesting of the fruitus allowing the pathogen to recommence
growth (Guyotet al. 2005). The decline in diene concentration is lthke the rapid
increase in lipoxygenase activity upon harvestirigclv catalyses the oxidation of diene
(Karni et al, 1989). Marimani (2011) monitored the levels ofifangal diene and triene
compounds and observed a rapid increase in thesparmds 1-2 days after inoculation of
both harvested and unharvested Fuerte fruits @itlyloeosporioide®40 days after fruit
set, followed by a decline within 7 days to uninated control or below control levels;
however, levels in unharvested fruit were highem a bioassay, Marimani (2011)
demonstrated the ability of these compounds tdvihkbnidial germination and germ tube

growth of C. gloeosporioides.
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Moreover, it has been also shown in other plantisgethat unripe fruits in contrast to
ripening fruits posses extremely high concentratioaf pre-formed antimicrobial
compounds. This arsenal of constitutive resistam@®y accumulate in the immature
pericarp at concentrations up to 1 mg fyuit fresh weight, and include 5-substituted
resorcinols such as 5-(12-cisheptadecenyl)-resaragirmango, dienes such as 1-acetoxy-2-
hydroxy-4-oxo-heneicosa-12,15 diene in avocado, sagbnins like a-tomatine in tomato

(Prusky and Plumbley, 1992; Prusky, 1996).

In harvested fruits, although no fungal structuwese observed from 1 h to 1 dpi, ellipsoid
spores characteristic @. gloeosporioidesvere observed on the fruit surface from 2 dpi
(although these might have originated from the uwham). After inoculation, the
ungerminated, aseptate conidium Gblletotrichum would attach to the cuticle and
germinate, with or without septation, to producgeam-tube. (Akinwunmi and Latunde-
Dada, 2001). By 3 dpi fungal hyphae emerged, mbsthoch successfully invaded and
colonized the fruit surface to form a mycelium. Dgrthis period of fungal penetration and
invasion, an increased number of spores were obdem the fruit surfaces. Extensive fruit
damage and destruction were observed at 5 and, asl@n increased number of hyphae
invaded the fruit surface. Consequently, some hgpteused fruit damage by protruding
out of the lenticels, resulting in cell wall andticle destruction. This finding is similar to
previous studies which stated that m&ulletotrichumspecies initially establish infection
by means of a brief biotrophic phase, associated large intracellular primary hyphae.
They later switch to a destructive, necrotrophiag#) associated with narrower secondary
hyphae, which ramify throughout the host tissughde-Dadeet al, 1996; Wharton and

Julian, 1996; Kim, 1998).
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In conclusion, inoculation of harvested and unbsted ‘Fuerte’ avocado fruits wit@.
gloeosporioidesat approximately 240 day after fruit set cause@mafection symptoms in
harvested fruit compared with unharvested fruitéctv presented few symptoms, probably
due to their high concentrations of antifungal coonpds (triene and diene). The fruits
showed no invasion by other fungi, confirmé&dgloeosporioidesas the causal agent of

anthracnose symptoms and allowed the transcripttpeession analysis to proceed.
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THIS CHAPTER HAS BEEN PUBLISHED AS: A. T. Djami-Tchatchou and C. J.
Straker. 2012The isolation of high quality RNA from the fruit of avocado Persea
americana Mill.). South African Journal of Botany8:44-46.

CHARTERES

THE ISOLATION OF HIGH QUALITY
RNA FROM THE FRUIT OF AVOCADO

(Persea americana Mill.)



3.1 INTRODUCTION

Extraction of RNA of high quantity and quality is preliminary step for many
investigations in plant molecular biology such awtmern blot hybridization, mRNA
purification, PCR amplification, cDNA synthesis atldNA library construction (Het al,
2002). However, isolation of RNA from some plasisties is difficult due to the presence
of high amounts of secondary products, such asspobharides and polyphenolic
compounds, which can co-precipitate or bind to R result in poor yields (Gast al,

2004).

Avocado Persea american#lill.), an important sub-tropical export crop foo&h Africa,
produces a climacteric fruit which, in addition tmainly monounsaturated and
polyunsaturated oils, contains high levels of pgratend structural polysaccharides (Bergh,
1992; Navertet al, 2002) and polyphenols (Lépez-Gdémez, 2002). Several nasthasing
either phenol or CTAB in the extraction buffer aghrmolarity guanidinium salts, have
been developed for the extraction of RNA from pléessues containing high levels of
polyphenolic compounds and polysaccharides (&sdl, 2006; Changt al, 1993; Huet
al., 2002; Jaakolat al, 2001; Liuet al, 1998; Lopez-Gomez and Gémez-Lim, 1992;
Manning, 1991; Panddt al, 2007; Salzmaet al, 1999; Valderrama-Chéirez al, 2002).

In preliminary experiments, we tested four of th@setocols (Huet al, 2002; Lépez-
GOmez and GOmez-Lim, 1992; Paneital, 2007; Valderrama-Chairez al, 2002) and
one commercially available RNA extraction kit (RNgd&lant Mini Kit, Qiagen) to extract
RNA from the skin (exocarp) and flesh (mesocarpawdcado fruit but the results were
unsatisfactory for all the protocols because ofgber quality and quantity of the resulting

total RNA, although the one described by Valderr@Phairez et al. (2002), gave better
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results in terms of RNA quantity compared with tbiers. Gasic et al. (2006) had
successfully modified the method of Chang et &9@Q) to extract RNA from apple tissues.
In order to achieve an improvement in both yield parity of RNA from avocado fruit we
used the CTAB/NaC1 method of Chang et al. (1998) randified it by replacing PVP K
30 with PVP K 40, removing spermidine from the egtron buffer and including a simple
polysaccharide precipitation step that does notcaffthe RNA vyield but removes

contaminating polysaccharides.

This research reports on the effectiveness of ritoslified method to isolate total RNA
from the skin and flesh of avocado fruit and thedorct’'s suitability for cDNA synthesis

and other subsequent gene expression studies.

3.2 MATERIALS AND METHODS

3.2.1 Plant material

Fruits of avocadoHersea americanMlill. cv. Fuerte.) were collected from the orchauaf
Roodewal farm near Nelspruit, Mpumalanga ProvinSeuth Africa (25°2%4.62'S
30°5615.34'E). The age of the fruits was approximately 249sdatter fruit set just before
the first seasonal harvest of the Fuerte crop. skie and flesh (x 5 g) were immediately

sliced off, frozen in liquid nitrogen, and storegd-80 °C until needed.

3.2.2 RNA extraction protocol
DEPC-treated water was used for all solutions. émdissues were ground to powder with
a mortar and a pestle in liquid nitrogen. The paw@e5-1g) was transferred to sterile

centrifuge tubes containing 10 ml of pre-warmed (€5 sterile extraction buffer (2%
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CTAB, 2% PVP K 40, 100 mM Tris-HCI pH 8.0, 25 mM EB, 2 M NaCl, and 400 pl
2% B-mercaptoethanol added just before use) and inedk&t65 °C for 5-10 min to lyse
the cells completely. Following the addition of i of chloroform: isoamyl alcohol (24:1
[v/v]) tubes were vortexed and centrifuged at 5 @@ for 20 min at room temperature.
After centrifugation, the upper phase was transterto a new tube with 15 ml of
chloroform: isoamyl alcohol, then vortexed and dé&ged again for 20 min at 5 000 rpm.
After the second centrifugation, the supernatab®snil) were transferred to sterile tubes
following the addition of 3nl of 10 M LiCl (1/4-volume). After overnight incaltion at -
20 °C, the tubes were centrifuged (10 000 rpm, 89 m°C) and the pellets re-suspended
in 700l NaCl-sodium dodecylsulphate-Tris-EDTA bufferNILNaCl, 0.5% SDS, 10 mM
Tris-HCI, pH 8.0, 1ImM EDTA), pre-warmed at 60 °@daincubated for a few minutes at
60 °C to ensure complete re-suspension of the Rblke{pin the buffer. The suspension
was transferred to a 2 ml microcentrifuge tube artlacted with 70Qul of chloroform:
isoamyl alcohol followed by a spin down at 10 0@énrfor 10 min at room temperature.
The upper phase (600 ul) was transferred to a @icrocentrifuge tube containing 1.2 mi
of 100% EtOH and the RNA was precipitated at -C06r 1 h. After incubation for the
precipitation of nucleic acids, the tubes were grmged (30 min, 13 000 rpm, 4°C).
Nucleic acids were recovered by washing with 1 @@ EtOH (v/v) and centrifuging at

10 000 rpm for 2 min, air dried and re-suspendetdDi pl DEPC water.

The RNA yield was measured with a ND-1000 spectoommeter (NanoDrop,
Wilmington, Delaware USA) and the 260/280 and 280/absorption ratios were verified
as quality indexes. The RNA was examined by elptinoesis on 2% agarose /TAE gels
containing EtBr to assess its integrity. One voluohe¢he 2 X RNA loading buffer was

mixed with one volume of the RNA sample at-tDfor 10 min. After cooling on ice for 3
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min, the samples were loaded and run on the gelarl X TAE electrophoresis buffer at

80 V.

3.2.3 Protocol for the synthesis of double-strandecDNA from total RNA

Doubled strand cDNA was synthesized starting wiie total RNA, using a cDNA
Synthesis System Kit (Roche, Mannheim, Germany)loing the manufacturer’s
instructions. First strand synthesis was carrigdma reaction volume of 21 pl containing
10-20pug RNA, 2ul Oligo(dhy primer (200 pmol/ul) and water, PCR grade. Themam
were incubated at 7Q for 10 min in a waterbath and immediately plaoadce. Then the
following components were added: 8ul RT-buffer| BIT (0.1M), 2ul AMV (25u/ul),
1pl Protector RNase Inhibitor (25u/pl), 4 pl dNTR<rflOmM). After mixing gently, the
samples were incubated at’@2for 60 min and immediately placed on ice to teabe the

reaction.

Second strand synthesis followed immediately iaaction volume of 150 pl containing 40
ul of the cDNA mixture from the first strand reactj 30 pl 5x second strand buffer, 1.5 pul
10 mM dNTP-mix, 6.5 pl second strand enzyme blendktUre of DNA polymerase |,
Escherichia coli ligase and RNase H) and 72 pul w&€R Grade. The reaction was mixed
gently and incubated at 16 °C for 2 hours, followgdhe addition of 20 pl (20U)4,IDNA
polymerase and incubation for 5 min. The reacti@s \stopped by adding 17 ul EDTA,
0.2M (pH 8.0). The residual RNA was digested frdra ts cDNA reaction by adding 1.5
ul (15U) RNase | followed by incubation at°87for 30 min. Then 5 pl (0.25U) Proteinase

K was added to the reaction and incubated &€ 3@r 30 min.
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Ds cDNA was purified by adding 200 pl phenol to teaction, then vortexed for 10 s and
centrifuged at 14 000 rpm for 15 s. The supernatad transferred into a new tube. The
remaining phenol phase was washed with 50 pl TE{tomize loss of DNA) vortexed for
10 s and centrifuged at 14 000 rpm for 15 s. Theswatant obtained was combined with
the previous one in to a new tube, then 200 pl plhamoroform/isoamylalcohol (25:24:1)
was added, vortexed for 10 s and centrifuged &0D4rpm for 15 s. The supernatant was
transferred to a new tube followed the addition260 pl chloroform/isoamylalcohol
(24:1), vortexed for 10 s and centrifuged at 14 4910 for 15 s. The supernatant was saved
and this step was repeated, then the cDNA contam#ute supernatant was precipitated by
adding 0.6 volume of 5 M Nf®Ac and 2.5 volume of cold 100% EtoH (-15 to°@band
stored at -76C for 1 hour. After the DNA was pelleted by centgétion at 14 000 rpm for
10 min, then the pellet was washed by overlayin@8®f cold 70 % EtoH (-15 to -26)
and centrifuged at 14 000 rpm for 10 min. The fipallet was air dried and dissolved in 50

pl water, PCR Grade.

The size distribution of double-stranded cDNA wamnitored by running a 2% agarose gel

after measuring the yield with a ND-1000 spectrapheeter (NanoDrop, Wilmington,

Delaware USA).
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3.3 RESULTS

3.3.1 Total RNA isolation

Avocado fruits were inoculated wit@. gloeosporioidess reported in Chapter 2. Total

RNA was extracted from pre and post harvest fratits, 4 and 24 h post inoculation for the

early response and at 3, 4, 5 and 7 days posttioifieior the late response. RNA extraction

at each time point was performed in triplicate. RWAs also extracted from uninfected

avocado fruit. The relative yields of total RNA pgnam of tissue ranged from 87.76 to

174.94pg g* of fresh weight. The A260/280 ratios for isolateNARvaried from 2.09 to

2.15 and the A260/230 ratios from 2.06 to 2.18 ([@&bl).

Table 3.1 Yield and purity of total RNA extracted from avocado fruit (Persea

americana Mill.)

Absorbance ratios |

Sample  RNAyield (g g FW) [ A260/A280 A260/A230
C 118.94 +11.01 2.14+0.01 2.13+0.05
EU 92.45+6.44 2.15+0.11 2.14 +0.02
LU 174.94 £ 8.31 2.14+0.01 2.18 +0.02
EH 147.49 £ 5.51 2.13+0.01 2.17 +0.03
LH 87.76 £11.07 2.09+0.01 2.06 +0.05
Skin 86.83 + 6.01 2.10 +0.01 2.07 +0.06

Results are expressed as mean = S.E.M of 3 bi@bgéplicates.C, control; EU, early

unharvested flesh; LU, late unharvested flesh; &ily harvested flesh; LH, late harvested

flesh.
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3.3.2 Total RNA gel electrophoresis
Furthermore, the RNA (50g g* FW) integrity was assessed by the sharpness of ribdsoma
RNA bands visualized by non-denaturing 2% agardsE/Del electrophoresis. For all

RNA samples tested, distinct 28S and 18S riboséthb bands without degradation were

observed, (Figure 3.1).

L FLESH SKIN

|

CEEEEEEEEE REEEE Se-——

Figure 3.1 Total RNA from avocado fruit flesh separated on 2%non-denaturing

agarose gel containing EtBr and photographed undeultraviolet light . L, RiboRuler™

High Range RNA Ladder.
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3.3.3 Doubled strand cDNA synthesis and gel elecprboresis

The RNA obtained was used for cDNA synthesis uiiegAMYV reverse transcriptase with
the synthetic oligonucleotide, oligo (d¥ primer. The cDNA was successfully synthesised
without any amplification with a good vyield (1.120426ug g* FW) in a total volume less

than 50 pl.

The reverse transcription products resolved on 2jarase/TAE gel electrophoresis
exhibited clear bands (Figure 3.2). The resultiDi& was used to construct a 454 library.
One library was constructed from the control sangpid four libraries from the infected

samples (early unharvested, early harvested, tdtarvested and late harvested).
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Figure 3.2 cDNA resulting from reverse transcription of total RNA from avocado
fruit with Oligo (dT) 15 primer separated on 2% non-denaturing agarose gel
containing EtBr and photographed under ultraviolet light. Lane L, 1-kb DNA size
ladder; Lane CK, cDNA of a control RNA (Neo mRNAdin the cDNA Synthesis System
Kit (Roche); Lane 1-5 are the cDNA products okgdirfrom different avocado RNA

extracts.
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3.4 DISCUSSION

The effectiveness of an RNA extraction protocol banmonitored through the quantity,
guality and integrity of the resulting RNA. The m@aproblem in the extraction of RNA
from tissue of many plants is contamination by painols and polysaccharides which can
bind irreversibly to nucleic acids and co-precifgtavith RNA, so to successfully isolate a
pure intact total RNA, the binding of these compsito the nucleic acids needs to be
prevented (Suzuket al, 2003). Use of the phenol and high-molality gdamum salts
procedures, which are commonly used for RNA eximacfrom plant tissues, failed to
recover RNA of high quality with good quantity. Shndicated that the RNA might be lost
by binding to polysaccharides, polyphenolics oreotlunknown components in the
homogenate during extraction. In addition, it i®wm that guanidinium/guanidine salts are
protein denaturants, but are not effective in diegong RNA from non-protein complexes
after binding (Masoret al, 2007). Even the protocol reportbd Liu et al. (1998), which
includes ice-cold potassium acetate to precipitgenomic DNA and secondary
metabolites, produced very low amounts of RNA (dadh shown). Another attempt to
isolate total RNA from avocado fruit was based loa procedure of Valderrama-Chairez et
al. (2002). The RNA vyield was higher than 90 {§ BW but was contaminated with
proteins and polysaccharides as shown by the lduesaf the A260/280 (0.74-0.81) and
A260/230 (0.54-1.57) ratios. The A260/280 ratio aamed consistently low and did not
improve with multiple LiCl precipitations, nor diie A260/230 ratio, even after a clean-up

process using the RNeasy MinElute Cleanup Kit (&mg

To solve this RNA isolation problem encountere@wocado fruit we slightly modified the
procedure of Chang et al. (1993). They had devela@e efficient method by modifying

some established techniques which allowed thetisalaf total RNA from pine tree tissue
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without the use of toxic and expensive chemicathsas phenol, guanidium isothiocyanate
and guanidium hydrochloride or the need for ultrécigation. To prevent the problem of
the RNA co-precipitation PVP K 40 arfdmercaptoethanol were added in the extraction
buffer as reducing reagents with CTAB as the detg@rgnd extraction with chloroform-
isoamylalcohol instead of phenol to remove proteifBe problem of polysaccharide
contamination was solved by using 2 M NaCl inste&dess than 1 M in the extraction
buffer and 1.0 M NaCl in the NaCl-sodium dodecyiadte-Tris-EDTA buffer to dissolve
the RNA pellet. The increase of the NaCl conceiunatn the buffers helps to remove
polysaccharides (Fangt al, 1992) and dissolves the CTAB-RNA complex, inevrdo
allow more CTAB and polysaccharides to be removedhe chloroform extraction. In
addition the precipitation step overnight at -20if€tead of 4 °C improves the quality of

RNA to be recovered.

The high-quality of the RNA obtained in this studss confirmed by the A260/A280
absorbance ratio whose values were always betwdénahd 2.15, indicating that RNA
was relatively free of protein and polyphenol comtaation; and the A260/230 ratio which
was higher than 2.0, indicating that RNA was ofhhurity and without polysaccharide
contamination (Logemanet al, 1987; Manning, 1991) (Table 3.1). Similar resuitere
obtained when RNA was extracted from different apjgsues also using an extraction
buffer containing CTAB, PVP anfi-mercaptoethanol (Gaset al, 2004). Furthermore,
the RNA integrity was assessed by the sharpnesthagomal RNA bands visualized by
non-denaturing 2% agarose/TAE gel electrophordsigufe 3.1). For all RNA samples
tested, distinct 28S and 18S ribosomal RNA band® wéserved, suggesting that RNA
was relatively intact and was also relatively frideRNases (Figure 3.1). Similar results

were observed byalderrama-Chairez et al. (2002) when they isold®A from ripe
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mango mesocarp. Finally, the RNA quality was testg@DNA synthesis using the AMV
reverse transcriptase with the synthetic oligorntdde, oligo (dT)s primer. The cDNA

was successfully synthesised without any amplibcatvith a good yield and the reverse
transcription products resolved on 2% agarose/TAE gjectrophoresis exhibited clear
bands (Figure 3.2). These results demonstratedidbeltRNA obtained was of sufficient
qguality to be used for downstream transcriptomelyaia This is a first report of the

extraction of high quality total RNA from avocaduwit.
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4.1 INTRODUCTION

4.1.1 Genetics of avocado

Avocado is a sub-tropical fruit-tree with 12 paok chromosomes (2n=24) and a small
haploid genome size of 907 Mbp, just six times tludt Arabidopsis thaliana
(Arumuganathan and Earle, 1991). Despite its ingpae little information is available on
the genetics of avocado. The lack of genetic infdrom has led to difficulties in improving
production and storage of the fruit, because mbgte@important problems of production
have a genetic basis. In order to gain knowlexfgbe plant's genome, ESTs (Expressed
Sequence Tags) projects have been generated, \ahgclbased on sequencing a great
number of cDNAs obtained from cDNA libraries, geated from different structures and
stages of plant development or from plant respomsdsiotic or abiotic stress (Lépez-
Gbémezet al., 2007). Lopez-Gomez and co-workers (2007), gengraBNA libraries of
fruit and seed, and also genomic libraries of tleswocarp of avocado criollo fruiPérsea
americanavar. dymifolia) at 8 months of development. In that study, thegugenced the
cDNA libraries, and their results revealed that dPthe genes are involved in senescence,
6% of the genes showed no similarity to any segeieeported in the databases, 6% related
to pathogen response, 8% are related to lipid sgmih14% are related to fruit ripening,
20% are related to unknown function and 42% of skquenced genes are related to

metabolism (Lopez-Gomex al.,2007).

The ripening of avocado fruit, which starts at tieenoval of the fruit from the tree,
involves differential gene expression and a sergés complex biochemical and
physiological changes that lead to a soft, edihlé&.fThe ripening behaviour of climacteric

fruit such as avocado is explained by two mechamighristofferseret al, 1982). Firstly

95



the process is regulated at the level of deenovosynthesis of a specific set of mMRNAs
which leads to the biochemical events that involyeening. The second mechanism
proposes that all the essential enzymes (genesssaty for ripening are present and need
only to be activated but there is also the expoessif specific genes related to ripening
(Christoffersenet al, 1982). Later, Christofferseet al (1989 showed that in ripening
avocado fruits there is the accumulation of celalanRNA during the climacteric which
results in the build-up of cellulase enzyme agtivithe increase of cellulase activity during

ripening is a manifestation of differential gengeession in the avocado fruit.

4.1.2 Gene expression studies of parasitized plants

Over the last decade a number of studies have d@®e on gene expression in parasitized
plants, some with model host plants suchAesbidopsisthaliana or tobacco Nicotiana
tabacum (Joel and Portnoy, 1998; Westwoetl al, 1998; Griffittset al, 2004). The
search for differentially expressed genes in plaiusang pathogen infections led to a
breakthrough in the understanding of the molecplacesses involved in infection and
contributed to the development of future biotecbgalal strategies to improve production

and storage of the fruit.

Recently, investigation of thiglikania micranthaand Cuscuta campestrisiteraction have
been carried out to determine the differentiallpressed genes involved in the host plant
response to a parasitic plant attackdtal, 2009). Genes expressed upon parasitization by
C. campestrisat early post-penetration stages were investigétgdconstruction and
characterization of subtracted cDNA libraries framoots and stems &fl. micrantha
Three hundred and three presumably up-regulateds E&Fe identified and classified in

functional categories, such as metabolism, celenis$ and stress, transcription factor,
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signal transduction, transportation and photosysithéloreover, the expression of various
M. micranthagenes involved in metabolism and biosynthesisasbahydrates, nitrogen
and fatty acids was induced duri@g campestrisnfection at early post-penetration stages

(Li et al, 2009).

Casado-azet al (2006) analysed strawberry genes differentialigressed in response to
Colletotrichuminfection. To obtain a wide spectrum of differaflyf expressed genes,
crown tissue was collected at 1, 3, 5 and 7 dags afch treatment. For each time point, a
pool of crowns was obtained and messenger RNA wiiaated from every pooled crown
sample. Then subtractive libraries representindeidintially expressed transcripts were
produced and reverse northern blotting was usadewtify ESTs. The results indicated
that a large number of strawberry genes involvesignalling, transcriptional control and
defence and many genes with unknown functions ladteeed expression in response to
Colletotrichum acutatumnfection. The findings yielded a first insighttensome of the

genes responding to this plant-pathogen intera¢@sado-Dazet al, 2006).

4.1.3 Avocado and anthracnose

Anthracnose, caused . gloeosporioidesjs the most severe post harvest disease of
avocado fruit. The pathogen infection may extenth&leaves and stems of avocado and it
also colonizes dead avocado plant parts suspendeldei tree canopy on the ground.
Anthracnose reduces avocado fruit shelf life angatieely affects fruit quality, taste and
marketability (Coatest al.,1993; Bernsteiret al, 1995; Freemast al, 1998; Pernezngt

al., 2000). Two distinct types of diseases occursé¢haffecting developing fruit in the field
(pre harvest) and those damaging mature fruit dustorage (post harvest). The ability to

cause latent or quiescent infections has gro@tetotrichumamong the most important
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post harvest pathogens (Bailetyal, 1992). The elucidation of gene expression psfih
the infected tissue may bring more understandindh@f avocado fruits react at the
molecular level tdC. gloeosporioidesnd therefore may contribute to the development of

strategies to improve its production and storage.

4.1.4. Next-generation sequencing technology

Over the last few years, next-generation sequen®i@&S) technologies have been used as
powerful approaches for discovering new genes aadlysing gene expression profiles in
plant tissues. They have also led to a revolutiogenomics and genetics and provided
cheaper and faster delivery of sequencing infomnatiMardis, 2008; Morozova and
Marra, 2008). Today there are four commerciallyilabde NGS technologies: 454 Life
Sciences (acquired by Roche), Solexa (acquiredlloypiha), ABI SOLID (acquired from
Agencourt Biosciences) and Helicos Biosciences. thn basis of the lengths of the
sequence reads produced and their specific featgeserally, they can be grouped into
two classes. Solexa, ABI SOLID and Helicos all proel very short reads in very large
guantities, while the 454 platform can produce aemmoderate amount of sequence, but
with much longer read lengths (Rounsktyal, 2009; Wheeleet al, 2008). Furthermore,
for model organisms such asrabidopsiswhere a wealth of genomic information is
available in the Genbank, Solexa and ABI SOLID texdbgies are most frequently used,
as transcriptome reads can be mapped to the regeteanscriptome or genome. However,
for a non-model organism (such as avocado) the &®dé&4 pyrosequencing platform is
used because the longer reads generated are mitablesdor de novoassembly and

annotation (Shendure and Ji, 2008; Kumar and Bla6¢40).
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In two thousand and five, 454 GS20 was the firstrm@rcial NGS platform released which
could produce about 200,000 reads with an averaae length of 100 bases per run (Chi,
2008; Schuster, 2008). Since then, a rapid imprevenin accuracy, read length and
throughput has been experienced by 454 sequen@oigndlogy. The newest 454
sequencing platform, the GS FLX Titanium, can bedu® generate one million reads with
an average length of 400 bases at 99.5% accuracyryme Nowadays, the 454
pyrosequencing technique is the most widely usedpiatform indennovosequencing and
analysis of transcriptomes in non-model organiduhsyeret al, 2009; Liet al, 2010; Sun

et al, 2010). For example, to study the profile of gerpression irsalviamiltiorrhiza and
elucidate its functional genes, the 454 GS FLXfptat was used to produce a substantial
EST dataset from the roots &fmiltiorrhiza (Li et al.,2010) In that study 454 sequencing
produced a total of 46 722 ESTs with an averagd leagth of 414 bp. Then 454 ESTs
were combined with th&. miltiorrhizaESTs from GenBank and were assembled into 18
235 unigenes. The annotation of 73% of these uegesing BLAST searches showed that
27 unigenes were found to be involved in tanshinbresynthesis, and 29 unigenes
involved in phenolic acid biosynthesis. 70 putatjemes were found to encode cytochrome

P450 and 577 putative transcription factor gena® vekentified (Liet al, 2010).

The sequencing of cDNA instead of genomic DNA fasusinalysis on the transcribed
portion of the genome, which reduces the size ef shquencing target space. Many
applications have been elucidated through transene sequencing such as: gene
expression profiling, genome annotation, and regeeent detection to non coding RNA
discovery and quantification. The versatility oettranscriptome sequencing data can be
analyzed simultaneously to provide insight into lénel of gene expression, the structure

of genomic loci, and sequence variation preselacat
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Recently a first 454 transcriptome sequencing ptojeas done to study genes
differentially expressed in avocado roots infeddgdPhytophthora cinnamom§ince there

IS no genome data available for avocado, the stlidiyiot rely on the sequence coverage.
But the identification and characterisation of thegets genes were done based on the
percentage of sequence similarity to other seqwenté&enbank and by comparing the
gene expression in the uninfected and infected al@aoots (Mahomed and Van den

Berg, 2011).

In the current study we also focused on comparhmeg ttanscriptomes generated from
healthy avocado fruit and avocado fruits infectathwC. gloeosporioidesluring pre and
post harvest using the Roche 454 GS FLX titaniuatf@m. SinceC. gloeosporioides
causes quiescent infections in unripe fruit mamgdiby high concentrations of preformed
antifungal compounds (Pruslat al, 1990; Domerguet al, 2000), it was necessary to
include both pre and post harvest fruits in the eexpental design. The strategy
undertaken here does not require prior sequencelikdge or genome reference, and relies
exclusively on publicly available software and loascripting tools. To the best of our
knowledge, this study is the first to discover @iéintially expressed candidate genes in

avocado fruit following infection witlC. gloeosporioides.

4.2 MATERIALS AND METHODS

4.2.1 Previous preparation prior to sequencing

The preparation of the fungal inoculum, plant matsy inoculation, total RNA and

synthesis of double stranded cDNA from total RNAevperformed as outlined in Chapter

2 and 3 (Materials and methods).
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4.2.2454 library construction and sequencing

Total RNAs from infected samples collected aftey 4fn and 24h were pooled together for
the early response and the infected samples cetlesdter 3, 4, 5 and 7 day post infection
(dpi) were also pooled together for the late respohis was done for both unharvested
and harvested fruits separately ai@rgloeosporioidesnfection. cDNA of 2.100, 0.874,
0.907, 1.036 and 0.612 ug of the control, earlyamdsted (EU), late unharvested (LU),
early harvested (EH) and late harvested (LH) saspdspectively were submitted for 454
sequencing. The sequencing reactions were condigtddgaba Biotechnical Industries
(Pty) Ltd. (Pretoria, South Africa). cDNA of therdeool and infected samples of each time
point were used to construct a 454 library follogvithe supplier's instructions (Roche
Diagnostics, Mannheim, Germany). The cDNA samplesawhen fragmented into smaller
pieces by nebulization using a nebulizer. The nebdIDNA samples were purified on a
column from the Qiagen MinElute PCR Purificatiolldwing the supplier's instructions.
Then the fragment end repair was performed for sacmple as follows: 9 ul of end repair
mix (RL10 x PNK Buffer, RL ATP, RL dNTP, RL T4 Paherase, RL PNK and RL Taq
Polymerase) was added to each sample containing ©6 purified nebulized DNA, then
vortexed for 5 s and spun for 2 s. Then the sampégs run on a thermocycler with the lid
on at 25°C for 20 min, at 72°C for 20 min and 4°C lwld. Once the end repair was
completed, 1 pl of RL adaptor and 1 pl of RL ligagere added in each sample then
vortexed for 5 s and centrifuged for 2 s. Aftervgrthe samples were incubated at 25 °C
for 10 min. In the meantime the agencourt AMPuradsewere prepared following the
supplier's instructions (Roche Diagnostics). Afteubation the samples were added to 125
ul of AMPure beads prepared and vortexed for 2es tentrifuged for 2 s followed with
incubation at room temperature (RT) for 5 min. Thehthe samples were put on the

Magnetic Particle Concentrator (MPC). When the bezatl fully ‘pelleted’ on the wall of

101



the tube, the supernatant was carefully removednTl®0 pl of TE buffer, 500 pl of sizing
solution were added then pipetted up and down acubiated at RT for 5 min. The samples
were put on the MPC and when the beads had fullgtpd on the wall of the tube, the
supernatant was carefully removed. Each samplekegtson the MPC and the beads were
washed twice by adding 1 ml of 70% ethanol. Aftescdrding the ethanol, the pellet was
dried at RT for 2 min. Then each sample was remdread the MPC andn 53 pl of TE
Buffer was added, vortexed for 5 s and centrifuiged® s. Each sample was placed again in
the MPC. After the beads were pelleted on the whthe tube, 50 ul of the supernatant
containing the cDNA library was transferred to avrtabe. An aliquot of the DNA library
was diluted for each sample to a working stock of I0' moleculesdl, in TE Buffer. The
adaptors ligated on to each resulting fragment igeal priming sequences for both

amplification and sequencing, forming the basithefsingle-stranded template library.

The cDNA libraries (DNA fixed to the beads) werertramplified by PCR using one of the
GS FLX Titanium the emulsion-based clonal amplifima (emPCR amplification) kits
following the supplier's instructions (Roche Diagtics). Briefly the amplification program
with the lid set to track within 5°C of the blockmperature ran as follows: 1x (4 min at
94°C) 50x (30 s at 94°C, 4.5 min at 58°C, 30 s &iC6), 10°C on hold. After the
amplification, bead recovery and DNA bead enrichima&are performed following the
manufacturer's instructions (Roche Diagnostics)enTta proper amount of sequencing
primer for the sample type was added and vorteiadh DNA-bound bead was placed into
a well on a pico titer plate, a fiber optic chip.ndix of enzymes such as ATP sulfurylase,
luciferase, and DNA polymerase were also packeal tin¢ well. The Pico titer plate was
placed into the GS FLX System for sequencing. TisarGples (Control, EU, LU, EH and

LH) were pooled together then sequenced using Rd84eGS FLX titanium platform
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sequencing and therefore, the individual samples toabe separated based on their
individual tags. The basic technique of this sequenprocedure is described by Marguiles

et al(2005).

4.2.3Transcript assembly and analysis

The data from the 454 read sequences of each samepéeassembled into contigs using
the proprietary Roche 454 Newbler Assembler softw#&teads from each library were
assembled separately. Each sample set was thehrpugh a stringent assembly process
and the assembled reads corresponded to contigsh whall likehood, corresponded to
transcripts. For every sample set, not all readsewassociated into contigs. These
unassembled reads likely corresponded to transapivell, but in very low copy number.

This could be due to a low expression level of ¢hteanscripts.

The cDNA sequences were annotated using CLC Wodkbesoftware (CLC bio,
Cambridge, MA) and BLAST [Basic Local Alignment $&aTool (Altschulet al, 1990)].
Similarities at the nucleotide level were identifiasing BLASTN and protein similarities
were identified using the non-redundant proteiradases BLASTX (Altschugt al, 1990).
Each gene was placed in a functional category basdtie putative function of the gene

product.

4.2.4 Statistical analysis of gene expression data

Because many sequences obtained from the 454 cD&pped reads showed similarity to

the same protein, the statistical analysis of getgined from those reads was done using
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the statistical analysis software GraphPad inStaRé&sults were expressed as mean *
standard error of mean (SEM.) and the statisticatificance differences between the
groups was determined by One-way Analysis of Vagar{ANOVA) followed by
Dunnett's multiple comparison test as post testales less than 0.05 were considered

significant.

4.2.5 Hierarchical clustering of gene expression ¢k

The expression profiles of the genes obtained floenmapped read was measured by
hierarchical clustering algorithm using Hierarchi€ustering Explorer 3.0 software
(http://www.cs.umd.edu/hcilvhich is visualization software for interactive éxation

of multidimensional datasets. During hierarchidaktering analysis, genes were grouped
into clusters based on the similarity in the exgpi@s patterns or profiles (Eiseat al,
1998) in both uninfected and infected avocado druithe hierarchical clustering
algorithm was based on the combination of the @yeeliakage analysis (unweighted pair
group method with arithmetic mean) and Pearsontsetation coefficient (Tangt al.,
2001). All the computational details used are dbedrin the cluster manual available at

http://www.cs.umd.edu/hcil/multi-cluster/hce3-malinee3_manual.html.

4.3 RESULTS

4.3.1 Inoculation of avocados fruit withColletotrichum gloeosporioides

Symptoms of anthracnosgeveloped 3 days after inoculation. These symptovase

characterized by black fruit rot and spots, as vedl fluffy white mycelium which
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developed on the wounded inoculated and adjacemocuiated areas. These results

showed that the inoculation technique was effeahveausing disease (Chapter Two).

4.3.2454 sequencing andle novo assembly

cDNA samples prepared from total RNA were sequenseng the 454 GS-FLX platform.
This single sequencing run produced 215 781 reaas &vocado fruit transcriptome, with
an average sequence length of 252-300 nucleotlidsg the proprietary Roche 454
Newbler Assembler softwarde novoassembly of the reads produced contigs, repregenti
avocado fruit transcripts. A total of 70.6 megalsa@¥éB) of sequence data were generated
resulting in the assembly of about 1500 contigsreMspecifically, 11.4 MB of healthy
transcriptome sequence, 11.5 MB of EU transcriptoseguence, 8.3 MB of LU
transcriptome sequence, 23.9 MB of EH transcript@®guence and 15.5 MB of LH of

transcriptome sequence was generated.

4.3.3 Sequences analysis

The comparison between the healthy and infectetsd¢rgptomes enabled us to identify a
large number of candidate pathogen response gé&Nesfocused on comparing the
transcriptomes generated from uninfected fruits mufelcted fruits from each time point
(EU, EH, LU and LH). We first determined how mamyés a gene was represented in
each of the libraries based on the number of rdadsach unigene count. Putative
functions of each of the genes were determineddmgparing their sequence with other

sequences present in GenBank (http://www.ncbi.nhmgov/genbank/). The selection
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criteria of each gene was based on the percentageaximum identity (range of the
percentage = 51-100 %) and its identity as a gengants. Then we determined which
genes were common in the healthy (uninfected) anfiected (EU, EH, LU and LH)

transcriptomes.

4.3.3.1 Mapped reads

During the assembly process, there are certainsrealled mapped reads which align to
other reads at each time point. A total of 709 gewmatained from these reads present in
both uninfected and infected samples were fountetalifferentially expressed aftés.
gloeosporioidesnfection. During each time point, some of thes@as were up or down
regulated or remained without any change. Putdtinetions of each of the genes were
determined by comparing their sequence with oteguences present in public GenBank
databases using BLASTN and BLASTX programme. Tlpestoring genes were used to
group the transcripts by their putative functionf tBe 709 sequences of the genes
analysed, 639 showed significant similarity to poegly known plant gene sequences and
70 had no significant similarity to plant genesthe database. Of the 639 sequences
exhibiting similarity to plant genes, 358 had samtly to genes for senescence associated
proteins, 114 had similarity to genes for cytochesnicytochrome P450 like  TBP protein,
cytochrome P450 monooxygenase, cytochrome c oxidasecytochrome f), 102 had
similarity to genes for a hypothetical proteins, dtf®wed similarities to genes encoding
proteins involved in metabolism, 14 showed simijato plant defence and stress-related
protein genes, 9 showed similarity to transcriptiactor and cellular communication

genes, 9 had similarity to expressed protein geBdsmd similarity to genes for proteins
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involved in photosynthesis and cell structure argh@wed similarity to genes for proteins

involved in electron transport.

Table 4.1 represents a selection from the 639 cD¥¢fuences exhibiting differential
expression in response @ gloeosporioidesnfection, to show their expression per time
point. Selection was based on high percentageitgeatthe reference gene. Leucine rich
repeat genes were up regulated in early unharvesstegble and down regulated in late
unharvested and harvested samples. Cytochrome PR#&Gtboxygenase genes were
generally up regulated in all infected samples wattty one of these genes being down
regulated in all infected samples (Table 4.1). $caiption factor WRKY36 was up
regulated during early response in harvested fand down regulated in during late
response in both unharvested and harvested fits.senescence-associated protein gene
was up regulated in all the infected samples wdsethe pattern for the others was to be
down regulated in early and late unharvested sample up regulated in all early
harvested samples and most late harvested sanalble (4.1). Stress related protein such
as heat shock protein was up regulated during eadponse in unharvested fruit and
during late response in harvested fruit and dowguleged in late unharvested fruit.
Defence genes, such as those for an endochitina$eglacanase, tended to be down
regulated in infected harvested fruit but unexprdss infected unharvested fruits (Table
4.1). Genes for enzymes involved in metabolism. (egpiration) were down regulated in
all unharvested fruits but up regulated in all lested fruits. The sequences of some

selected genes shown in Table 4.1 are presented lppendix 1).
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Table 4.1.Summary of some selected candidate genes diffallgréxpressed in avocado fruits in respons€.tgloeosporioidesnfection with
their different expression per time point (readgp® to the individual transcripts for every tin@r). Genes up regulated (shaded in yellow) and

genes down regulated (shaded in green).

Copies per time-point expressed
Name Similar sequence from databas8LASTN Max Similar sequence From database
(Accession num) Identity BLASTx E-value | Cont | Early Late Early Late
% (Accession num) Unharvest | Unharvest harvest harvest
SIGNAL TRANSDUCTION AND TRANSCRIPTION FACTORS
Cinnamomum camphora large subunit ribosomal Leucine rich protein [Arachis
Gene00001 | (DQO08772.1|) 99 hypogaea] (ABH09320.1) 4e-04
107 145 41 88 83
Gene00609 | Daphnandra micrantha 26S ribosomal RNA geneg 96 Transcription factor WRKY36
|DQ008629.1) [Physcomitrella patens subdpater|
(XP_001775684.1) 87| 7 7 4 9 8
CYTOCHROME PROTEINS
Gene00132 Gomortega keule 26S ribosomal RNA gene 98 Cytochrome P450 monooxygenase
(AY095460.1) [Pyrus communis] (AAR25996.1 2e-06/ 12 40 20 49 30
Gene00144 | Cryptocarya meissneriana 26S ribosomal RNA gene 98 Cytochrome c oxidase subunit 5B,
(DQ008627.1) mitochondrial precursor 7e-05
(ACN10266.1) 8 19 9 22 ]
Gene00301 | Glycine max catalase (cat4) mRNA, complete 96 Cytochrome P450 like_TBP [Nic
cds(AF035255.1) tabacum] (BAA10929.1) 8e-49 45 63 29 58 45
Gene00475 | Phoebe excelsa chloroplast ndhF gene (AB442055.1) 100 Cytochrome P450-like TBP protein
[Lilium longiflorum] 6e-04|
(AB0O20848.1) 10 24 7 14 19
Gene00614 | Hernandia nymphaeifolia 26S ribosomal RNA gepe 100 | Cytochrome P450 like_TBP [Nic
(AY095462.1) tabacum] 3e-23]
( BAA10929.1) 4 1 8 8 2
HYPOTHETICAL PROTEINS
Gene00082 | Peumus boldus 26S ribosomal RNA gene (AY09 Hypothetical protein [Arabidopsig
96 thaliana] 2e-48
(BAF01964.1) 126 207 178 262 167
Gene00213 | Doryphora sassafras 26S ribosomal RNA gene 98 Hypothetical protein LOC100382]
(DQ008630.1) [Zea mays] (NP_001169136.1) 2e-31]
31 26 13 30 25
Gene00264 | Musa acuminata subsp. burmannicoides isolate 100 Hypothetical protein
(EU418634.1) SORBIDRAFT_3036s002010 2e-06
[Sorghum bicolor]
( XP_002488947.1) 28 42 14 44 22
Gene00343 | Liriodendron tulipifera chloroplast, complete gerel 100 | Hypothetical protein
(DQ899947.1) SORBIDRAFT_0070s002020 3e-35
[Sorghum bicolor] 108
(XP_002489102.1) 19 13 9 20 19




Table 4.1 (Continued)

Copies per time-point expressed
Name Similar sequence from databas8LASTN Max Similar sequence From database
(Accession num) Identity BLASTX E-value | cont | Early Late Early Late
% (Accession num) Unharvest | Unharvest harvest harvest
DEFENCE/STRESS
Cananga odorata large subunit ribosomal RNA gene 100 | Catalase [Arabidopsis thaliana]
Gene00654 (DQ008784.1) (CAA45564.1) 4e-24
1 1 1 2 0
Magnolia denudata 26S ribosomal RNA gene 100 Endo-1,4-beta-glucanase [Malug x
Gene00509 (AF389256.1) domestica] (AAQ55294.1) le-25 7 0 0 0 1
Persea americana mRNA for endochitinase (278 100 Endochitinase [Persea americana]
Gene00405 (CAB01591.1) 4e-65
5 0 0 1 2
Laurus nobilis 26S ribosomal RNA gene (DQO008 100
Gene00308 Heat shock protein [Cucumis sat 7e-79
(ADF30255.1) 2 3 1 2 3
Strombosia grandifolia 26S ribosomal RNA gene 100
Gene00653 (DQ790225.1) Metallothionein-like protein 8.5
[Arabidopsis thaliana]§AA44630 1 1 0 3 0
SENESCENCE ASSOCIATED PROTEINS
Calycanthus occidentalis 26S ribosomal RNA gene Putative senescenessociated pri
Gene00091 (AY095454.1) 95 [Trichosanthes dioica] 6e-30
(ABN50032.1) 135 187 184 349 236
Persea americana mRNA for fructose- 100 Putative senescenassociated pr:
Gene00225 bisphosphate(emb|AJ133146.2) [Cupressus sempervirens] le-42,
(ACA30301.1) 57 28 29 132 88
Zea mays clone 10282 mRNA sequerio@244722 80 Putative senescenassociated pr
Gene00407 [Pisum sativum] 5e-15
(BAB33421.1) 51 5 15 127 80
Avocado cellulase (endo-(1-4)-beta-n-glucanase 100 Putative senescenessociated pr
Gene00473 | (M17634.1) [Lilum longiflorum] (ABO20851.] 0% . . . .
Eucalyptus grandis chloroplast, complete genome 100 Senescence-assded protein [Lili
Gene00282 (HM347959.1) longiflorum] 1le-30
(BAB33421.1) 13 2 8 39 11
Gene00496 Striga asiatica isolate St505 zibinding dehydroge 100 | Senescenasssociated protein [Pi
mRNA, (DQ445137.1) sativum] (BAB33421.1) 3e-17 6 5 <] 21 15
Gene00504 Phyllostachys edulis cDNA clone: bphyst035g20 100 Senescenagssociated protein [Pi
insert sequence (FP092404.1) abies] ACA04850.1 2e-44] 32 19 23 61 35
Persea americana mRNA for metallothionidie-em 100 Senescenagssociated protein [Pi
Gene00617 (AJ133145.1) sativum] (BAB33421.1) 1.00| 70 16 33 74 32
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Table 4.1 (continued)

Copies per time-point expressed
Name Similar sequence from databas8LASTN Max Similar sequence from database
(Accession num) Identity BLASTX E-value | cont | Early Late Early Late
% ( Accession num) Unharvest | Unharvest harvest harvest
METABOLISM
Arabidopsis thaliana clone 34BRNA, (AY08737 72 Fructosesisphosphate aldolase [l
Gene00237| americana] 2e-81
(CAB77243.2) 7 4 1 13 9
Gene00237 Arabidopsis thaliana clone 34690 mRNA, complete 82 Fructosesisphosphate aldolase [l
sequence(AY087376.1) americana](CAB77243.2) 2e-102 7| 4 1 13 9
PHOTOSYNTHESIS AND CELL STRUCTURE
Gyrocarpus americanus 26S ribosomal RNA 87
Gene00447 (DQ008624.1) Chloroplast hypothetical protein
mays subsp. mays] (YP_588293|1) 1e-33 1 8 0 6 2
Liriodendron tulipifera chloroplast, complete gerg 95 Photosystem | assembly proteinflYc
Gene00665 (DQ899947.1) [Zea mays] (NP_043035.1) le-18
1 2 2 0 0
ELECTRON TRANSPORT AND EXPRESSED PROTEINS
Gomortega keule 26S ribosomal RNA(AY095460.1) 62 Aquaporin NIP6-1 [Medicago 4e-06|
Gene000453 truncatula](XP_003604211.1)
0 1 1 9 0
Laurus nobilis 26S ribosomal RNA(DQ008626.1) 98 Expressed protein [Arabidopsis | 3e-27|
Gene0037 subsp. lyrata] (XP_002884233.1
50 80 30 106 63
Laurus nobilis 26S ribosomal RNA(DQ008626.1 98 Expressed protein [Arabidopsis | 2e-27
Gene0043 subsp. lyrata] (XP_002884233.1
87 120 51 144 83
Calycanthus occidentalis 26S ribosomal RNA gene 100 NAD-dependent sorbitol
Gene00532 (AY095454.1) dehydrogenase 3 [Malus x domegtic 3e-40
(AAP69752.1) 0 3 0 2 3
UNKNOWN FUNCTION
Gyrocarpus americanus 26S ribosomal RNA geng , Unknown [Zea mays]
Gene00086| partial sequence ( AY095454.1) 98 (ACR36970.1) 3e-58 1 16 2 14 9




4.3.3.2 Unmapped reads

During the assembly process, there were readditiatot map with others reads at each
time point in both uninfected and infected samplésmapped reads do not align to other
reads because they are either very different frémerareads or are too low in frequency.
These unmapped reads also represent genes andfofohhe genes. The unmapped reads
were also quantified in order to determine the nemndd copies expressed per time-point.
The function assignment of these genes was doresl lmas similarity after comparing their
sequences to the non-redundant protein databasé@sSB{ program. This analysis
revealed that some unmapped reads were expressedthninfected and uninfected
samples but not at each time point, others unmappads were only expressed in the
infected samples (coding for genes predicted tandaced) and other unmapped reads
were expressed only in the uninfected samples. quantification of unmapped reads
expressed in both infected and uninfected sampleadt at each time point i.e how many
times an unmapped gene read from EU, LU, EH anddidples map or do not map to the
unmapped reads from the control is presented ineTal2 (Chapter 5). However, in this
chapter, Table 4.2 merely summarises whether seleandidate genes were expressed or
not in infected avocado fruits and the time poihexpression. Functional groups include
genes that are known to be involved in defencenstiaption, regulation, signal
transduction, oxidative burst, stress responsesp@tation, metabolism, protein synthesis
and photosynthesis. Some sequences were considsrbding of unknown/unclassified

function.

Mitogen-activated protein kinase (MAPK) and leucineh repeat receptor-like protein

kinase were expressed in all the infected samplaisi¢ 4.2). Salicylic acid binding protein

was expressed in all the infected harvested samplesreas calcium dependent protein
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kinase and calcium ion binding protein were ex@dss both unharvested and harvested
samples during early response but only in the Ilséedeinfected samples during late
response (Table 4.2). Chaperone protein dnak @restk protein 70) was expressed in all
the infected samples. A number of others genkslylto be involved in plant defence
response were also expressed in infected samplgsas: endo-1,4-D-glucanase expressed
in unharvested samples during early response ahdruested sample during late response;
endochitinase expressed in unharvested samplesgdaarly response and in harvested
samples during early and late response. Endopsptidas expressed in both unharvested
and harvested samples during late response andiagpateinase was expressed only in
the harvested samples. The genes for a numberotéips involved with the oxidative
burst were also expressed, mostly in infected wasaed fruits. Among proteins predicted
to be involved in proteins synthesis, elongaticastdr 1 was expressed in all the infected
samples and acetyl-CoA carboxylase carboxyltraaséerinvolved in metabolism, was
expressed only in all infected unharvested samp¥greas stearoyl-acyl-carrier protein

desaturase was expressed only in infected unhad/ésiits.

4.3.3.3 Genes induced b§. gloeosporiodes infection

During the assembly process, a group of reads fh@mnfected samples that did not map
with the reads from the uninfected samples areidered to code for genes induced after
C. gloeosporioidesinfection. These genes were classified accordmgheir putative

function after comparing their sequence with otbeguences present in public GenBank

databases using BLASTX program (Figure 4.1).
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Based on the protein similarity in GenBank, of #18 induced genes the largest set of
these genes 52 (24%) was assigned to defencewéallby the second large group of 36
(17%) assigned to unclassified genes. Thirty-foeneg were found to have significant
similarity to signal transduction/cellular commuation genes, 17 had similarity to genes
involved in oxidative burst and energy, 14 had kinty to genes involved in metabolism,
14 had similarity to genes involved in protein $wdis, 12 showed similarity to
transcription factor genes, 12 genes showed sityilawith genes involved in
transportation, 11 genes showed similarity to stretated protein genes. Finally 8 genes
had similarity to genes coding for proteins invalve photosynthesis while genes involved
in regulation (4) and cell structure (4) constitutee smallest group, each comprising 2%
of the sequences (Figure 4.1). A complete list @fieg (and their respective reference
sequences), induced & gloeosporioidesrespective of time point, is given in Appendix
2. The quantification to see how many times theyerexpressed in the infected samples

was not performed during the assembling process.

113



Table 4.2.Summary of some selected candidate genes expriesisgeicted avocado fruits in responseXayloeosporioidesnfection with (1) for
expressed and (0) not expressed

Expression
Name BLASTX Similar sequence from database E-value Max
Accession num of| (Putative function) Identity Early Late Early Late
similar se quence % Unharvest Unharvest harvest harvest

SIGNAL TRANSIOCTION
Gene 01 XP_002532559.1 | Calciun-dependent protein kinase, putative [Ricinus comsjun 8e-25 68 1 0 1 1
Gene 02 XP_002521983.1 Calcium ion binding protein, putative [RicBxaommunis 9e-21 45 1 0 1 ]
Gene 03 XP_002880383.1 Kinase family protein [Arabidopgista subsp. lyrata] 0.094 73 1 1 1 1
Gene 04 AAF66615.1 LRR receptc-like protein kinase [Nicotiana tabacum] 3e-33 75 1 1 1 1
Gene 05 NP_201509.1 Mitogen-activated protein kinase kirikdisase 19 [Arabidopsis|

thaliana] 7 e-21 60 1 1] 1 1

Gene 06 AAR87711.1 Salicylic acid-binding protein 2 [Nicatia tabacum] 1e-10 63 0 0 1 1

TRANSCRIPTIORACTOR
Gene 08 NP_001152266.1 Basic helix-loop-helix (bHLH) trarigtion factor [Zea mays] le-28 P i 0 0 0
Gene 09 ACF60482.1 bZIP transcription factor [Oryza sativa JaparGroup 1le-08 57 1 0 0 g
Gene 10 AAS68190.1 Myb transcription factor [Vitis vinifer 6e-27 89 1 0 1 ]
Gene 11 AAD10237.1 TATA-box binding protein [Phaseolus vailig] 3e-06 100 0 g (
Gene 12 CAD56217.1 Transcription factor EREBP-like protf@icer arietinum] 0.069 100 i L L il
Gene 13 AAM63665.1 Transcription factor, putative [Arabidopdisliana 2e-33 89 1 1] 1 ]

OXIDATIVE BURS
Gene 14 ACO037154.1 ACC oxidase [Stenocereus stellatus] 24 ¢- 88 0 0 1 0
Gene 15 XP_002533075.1 Glutathione peroxidase, putativeifies communis] 6e-12 79 L 0 0 0
Genel6 AAF61392.1 Glutathione S-transferase [Persea aaraic 8 e-43 73 1 1 1 D
Gene 17 ACG39782.1 NADH-cytochrome b5 reductase [Zea mays] 9 e-35 90 1 1] 1 ]
Gene 18 BAD83480.2 NADH dehydrogenase subunit 4 [Nicotitataacum] 2 e-16 10! L L 0 (o]
Gene 19 YP_784442.1 NADH-plastoquinone oxidoreductase sitbuh [Drimys

granadensis] 6 e-23 100 1 1 q 1
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TABLE 4.2 (continued)

Expression
Name BLASTX Similar sequence from database E-value Max
Accession num of| (Putative function) Identity Early Late Early Late
similar se quence % Unharvest Unharvest harvest harvest
STRESS RESPONSE

Gene 20 ABE79560.1 Chaperone protein dnak (heat shock prote)

[Medicago truncatula] 7e-19 53 1 1 1 1
Gene 21 NP 192977.2 Stres-inducible protein, putative [Arabidopsis thaliana] 2e-22 77 1 0 1 1
Gene 22 XP_002514902.1 Stress associated endoplasmicleetiqurotein, putative

[Ricinus communis] 2e-09 100 1 0 0 1
Gene 23 NP_191404.2 Universal stress protein family proféimbidopsis thaliana] 8 e-29 8b i 0 1

DEFENCE
Gene 24 AAK15049.1 Asparaginyl endopeptidase [Vigna radiata 2e-20 66 1 1] 0 q
Gene 25 NP_172655.1 Aspartic proteinase Al [Arabidopsididha] 4 e-28 77 0 q ] ]
Gene 26 AAD30292.1 Catalase 3 [Raphanus sativus] 5e-57 76 1 1] 1 ]
Gene 27 ADQ39593.1 Class Il chitinase [Malus x domestica] e-a6 82 1 0 0 1
Gene 28 BAB82473.1 Chitinase 3 [Triticum aestivum] 2e-34 82 0 1 0 q
Gene 29 ABX79341.1 Cysteine protease [Vitis vinifera] 41@-4 81 1 1 1 0
Gene 30 ABK78689.1 Cysteine proteinase inhibitor [Brassigpa] 2 e-15 75 q 1 1
Gene 31 CAB01591.1 Endochitinase [Persea Americana] 2 g-58 77 1 0 1 1
Gene 32 ABY58189.1 Endo-1,4-D-glucanase [Persea americana] 6 e-48 100 1 0 q 1
Gene 33 ACG44564.1 Endopeptidase Clp [Zea mays] 4 e-28 52 0 1 0 ]
Gene 34 EE84132. Enhanced disease resistance 2 protein [Arabidtpsiiana] 0.014] 5] ] q
Gene 35 AAF97315.1 Lipoxygenase [Arabidopsis thaliana] 810 72 1 0 0 0
Gene 36 XP_002527223.1 Oligopeptidase A, putative [Ricinosimunis] 5 e-09 86 [0 D L
Gene 37 ABA33845.1 Pathogenesis-related protein 6 [Zeaogigdennis] 3e-1§ 54 L 0 D
TRANSPORTATION
Gene 38 CAB41144.1 H+-transporting ATPase-like protein [Bidopsis thaliana] 3e-2 8l 0 0 0
Gene 39 XP_002526521.1 Peptide transporter, putative [REtommunis] 2 e-15 62 0 il 0
Gene 40 XP_002526529.1 Protein transport protein sec23tpet[Ricinus communis] 7e-11 89 0 0 1 1
CELL STRLTURE AND COMPONENT

Gene 41 ADN34200.1 Annexin [Cucumis melo subsp. melo] 2e4l16 70 1 0 0 0
Gene 42 ACS28251.1 Cell division control protein [Nicotiana glutinosa] 2e-33 90 1 1 1 1
Gene 43 NP_564367.1 Integral membrane HRF1 family protéirabidopsis thaliana] le-2 8D 0 0 1
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TABLE 4.2 (continued)

Expression
Name BLASTX Similar sequence from database E-value Max
Accession num of| (Putative function) Identity Early Late Early Late
similar sequence % Unharvest Unharvest harvest harvest
METABOLISM PHOTOSYNTHESIS

Gene 44 ABI18045.1 Acetyl co-A carboxylase [Strombosia gtéolia] 4 e-10 81 1 1 0 q
Gene 45 ADO64899.2 Acetyl-CoA carboxylase carboxyltranséerabeta subunif le-19 90

[Theobroma cacao] 1 1 0 0
Gene 46 YP_004021302.1 ATP synthase CF1 alpha subunit [Afoeoa cacao] 6 e-9 99 0 0 1 0
Gene 47 ACG42565.1 Calcium homeostasis regulator CHoR1 [Aags] 8e-17 68 1 q D
Gene 48 ACG59771.1 Chloroplast aspartate aminotransferBsgcum aestivum] 3e-14 94 D L 0
Gene 49 AAL77589.1 Chloroplast ribose-5-phosphate isomefapéacia oleracea] le-1y 64 1 0 0 0
Gene 50 XP_002532986.1 Flavonol synthase/flavanone 3-hydase, putative [Ricinug

communis] 1.e-04 65 1 0 a g
Gene 51 CAP12013.1 Photosystem Il protein Z [Coffea myii#p 2 e-06 94 1 0 1 1
Gene 52 AAF15308.1 Stearoyl-acyl-carrier-protein desatuf@&sea americana] 9 e-20 100 0 1
Gene 53 AC0O40485.1 Terpene synthase [Actinidia deliciosa] e-13 58 1 0 0 0
Gene 54 ACG45528.1 Ubiquitin-protein ligase [Zea mays] Ze{l 76 1 1 1 0

PROTEIN SYNTHEHS/REGULATION

Gene 55 BAB90396.1 ADP-ribosylation factor [Oryza sativgpdaica Group] 5e-05 100 D 0 1 0
Gene 56 ADB93067.1 Aquaporin [Jatropha curcas] 3e-31 87 1 0 0 q
Gene 57 AAM12952.1 Auxin-regulated protein [Zinnia violadea 2e-06 53 1 0 1 1
Gene 58 XP_002528028.1 Elongation factor 1-alpha, putdtRieinus communis] 9 e-51 100 L 1 1 1
Gene 59 CAA71882.1 Elongation factor 2 [Nicotiana tabacum] 9e-15 94 0 0 1 q
Gene 60 XP_002513404.1 Eukaryotic translation elongatiorttdg putative [Ricinus 3e-35 89

communis] 0 0 1 0
Gene 61 AAZ75913.1 Ribosomal protein L16 [Coffea humilis] .004 100 1 1 0 0
Gene 62 BAD83474.2 Ribosomal protein S3 [Nicotiana tabacum] 0.001 100 1 0 1 q

FUNCTION: UNCLASSIRED

Gene 63 ADC35365.1 Alpha-expansin 2 [Coffea arabica] 5 e125 90 0 1 0 1
Gene 64 NP_193002.4 Endomembrane family protein 70 [Arapgi®thaliana] 2 e-17 94 D L 0 1
Gene 65 XP_002888340.1 Predicted protein [Arabidopsis satbsp. lyrata] 8.4 78 0 0 1 0
Gene 66 XP_002519112.1 Protein binding protein, putativeiiils communis] 5 e-13 51 D 0 0 1
Gene 67 NP_001077933.1 Ubiquitin fusion degradation 1 [Adalpsis thaliana] 9.1 93 L 0 D 1
Gene 68 ACU24411.1 Unknown protein product [Glycine max] e-86 92 0 1 0 1
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4.3.3.4 Unexpressed genes in infected fruit

Finally, others reads from the uninfected sampléckvidid not map during the assembly
process with the reads from the infected samplde éor genes predicted to be repressed
or not expressed in the infected samples. The ifumeissignment of these genes was done
based on homology after comparing their sequerctgetnon-redundant protein databases
BLASTX program (Table 4.3). Important genes expeeisonly in uninfected avocado,
which will be discussed further, are glycosyltramage, (R)-limonene synthase, cytosolic

NADP-malic enzyme and genes involved with jasmamaicd metabolism.
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Table 4.3. Summary of unexpressed genes in avocado fruits espanse toC.

gloeosporioidesnfection with their putative function

Name Accession PUTATIVE E- Max
num of Similar Sequence From database FUNCTION value | Identity
similar (BLAST X) %

sequence

Gene 1 AAM21683.1 1-Aminocyclopropane-1-carboxymethase 1 Lyase (metabolism le-27 96
[Persea americana]

Gene 2 ABI34672.1 bZIP transcription factor bZIP53 [Glyeimax] Transcription 0.001] 64

Gene 3 XP_002534067.1 Calcium-activated outward-rectifyfrogassium lon transport le-23| 83
channel, putative [Ricinus communis]

Gene 4 ADN33942.1 Chloroplast outer envelope protein 3dd@mis Photosynthesis 5e-45 84
melo subsp. melo]

Gene 5 CAC00657.1 Common plant regulatory factor 6 [Petliasm Regulation 2e-06| 70
crispum]

Gene 6 ABB86962.1 Cytosolic NADP-malic enzyme [Malus x Oxidation 2e-21| 95
domestica]

Gene 7 ADD09620.1 Dehydration responsive element bindiragin Stress 0.059 90
[Trifolium repens]

Gene 8 NP_001150497.1 Early nodulin 93 [Zea mays] Celldire 3e-08| 73

Gene 9 ACN38307.1 Eukaryotic translation initiation factte [Carica | Protein synthesis le-39 72
papaya]

Gene 10 BAF46299.1 Extensin like protein [Ipomoea nil] Cslitucture 5e-18| 74

Gene 11 XP_002960850.1 Glycosyltransferase CAZy family GT14 Biosynthesis of cell walls 5e-41 76
[Selaginella moellendorffii]

Gene 12 AAF04915.1 Jasmonic acid 2 [Solanum lycopersicum] ign8l transduction le-38 66

Gene 13 ACG35116.1 Legumin-like protein [Zea mays] Nutri®gservoir 3e-31 | 74

Activity(metabolism)

Gene 14 XP_002533356.1 (R)-Limonene synthase[Ricinus conmshun Lyase (metabolism) 3.8 66

Gene 15 XP_002525554.1  Negative cofactor 2 transcripti@eatepressor, Transcription le-08| 93
putative [Ricinus communis]

Gene 16 XP_002521801.1] Patellin-3, putative [Ricinus comisun Transport /cell Division 6e-27| 82

Gene 17 BAD46097.1 Putative wall-associated kinase 4 [Oativa Signal transduction le-21 69
Japonica Group]

Gene 18 CAB77245.1 Putative seed imbibition profeersea Protease (defence) 2e-5p 90
americana]

Gene 19 NP_001147686.1 Seven-transmembrane-domain prof&ieal G protein-coupled 7e-11 | 60
mays] receptors (signal

transduction)

Gene 20 CAA78365.1 Tobacco pre-pro-cysteine proteinasedtibma Cysteine-Type le-38 | 70

tabacum] Endopeptidase Activity
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4.3.4 Statistical analysis
The results of the statistical analysis of gen@ression in fruits infected witlC.

gloeosporiodesompared with that in uninfected control fruits an®wn in Table 4.4.

Table 4.4. Statistical analysis of gene expression in avodadits per time point. The

values are the means = SEM of the total numbexpfessed gene sequences within each

group.
Genes (number) Expression per time point
Control EU LU EH LH
Senescence-associated 51.00+ 3.65 40.32 4.1F 37.31+ 3.29+* 110.62+ 7.7%* 71.09+ 5.00*
protein (358)
Cytochromes (114) 36.96+ 4.35 49.72+ 6.09* 23.12+ 2.59* 66.56+ 7.98* 42.99+ 5.35
Hypothetical proteins (102) 28.24+ 4.50 36.42 6.57 19.54 3.63 53.27+ 9.09* 33.27+5.78
Metabolism (18) 8.61+ 4.13 11.0& 4.36 9.1k 5.55 8.6%2.73 6.55 2.46
Defence/ Stress (14) 26.93+9.24 32.64 14.71 15.64 5.76 56. 14 20.99 38.79+ 15.37
Transcription factor/signal ~ 48.33+ 16.67 54.33 22.01 26.7& 10.48 77.8% 29.07 51.56+ 17.98
transduction (9)
Expressed protein (9) 25.25+10.89 35.3& 15.43 15.63 6.202 42.13 19.30 24.50+ 11.25
Photosynthesis (8) 12.63+ 8.81 15.63 8.78 17.63 12. 21 15.13 5.17 8.38+ 4.96
Electron transport (7) 14.29+ 7.37 24 11.61 10.8& 5.46 28.8& 16.43 17.439.73
Unknown protein (70) 102.54+ 11.57 115.16& 14.35 78.64 9.79 213.69+ 6.77* 135.63+ 17.32

Control (uninfected), EU-early unharvested, LU-latdarvested, EH-early harvested, LH-late harvested
Analysis was by One-way ANOVA and Dunnett's t&gtepresents significantly different from control at

p < 0.05;** represents significantlyifferent from control ap < 0.0001.

For most of these genes, gradual changes are daticheir expression across time points.
Based on the statistical analysis, genes for senescassociated proteins are down
regulated in the unharvested samples and are wuated in the harvested samples. Genes
coding for cytochromes are down regulated in thesllthples and are up regulated in both
early unharvested and harvested samples. The sxmnesf hypothetical protein genes is
down regulated in the LU samples and is up regdlatehe EH samples and the and the

expression of defence/stress related protein geneg regulated in the EH infected
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samples. The expression of genes predicted to belved in metabolism, signal
transduction, transcriptional activation, photoswsis, electron transport and expressed
proteins do not show any statistically significatianges in any of the infected samples

compared to the uninfected samples.

4.3.5 Hierarchical Cluster Analysis

4.3.5.1 Mapped reads

Hierarchical clustering analysis was used to grtagether genes with similarity in the
expression patterns into clusters, in both uniei@cnd infected avocado fruits (Figure
4.2). The clustering analysis resulted in the gat@n of hierarchical series of clusters
represented graphically by a binary tree called emddogram which reflects the
relationships among genes. In this tree, each pl@itd corresponds to a terminal node of
the binary tree with the similarity of the subtredicated by the distance from the root to a

subtree; genes or groups of genes with similaresgion patterns are adjacent.

The dendogram was combined with a colour mosaiglalsin which each data point is

represented by a colour that qualitatively reflebesoriginal experimental gene expression.
In the colour mosaic display the organization aflsaand columns varies according to the
clustering results. In addition, in this colour ramsdisplay reflecting gene expression,
large contiguous patches of colour correspond damg of gene sharing similar expression
patterns under the experimental condition (unief@cor infected). By default, in

hierarchical clustering explorer, a bright red colaepresents higher levels of gene
expression, a bright green colour represent loweels of gene expression whereas the
black colour represents the middle value or repitssgenes equally expressed. The colour

becomes darker as a value gets closer to the middile between the red and the green
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lines. Finally, a large contiguous patch of a coliodicates that most of the values are near
extremes and represent group of genes that shaiarsexpression patterns over multiple
time points. For example, there is a dramatic iasean expression of a large group of gene
families in the early unharvested (EU) sample, whsrthe late unharvested (LU) sample
shows a down regulation of approximately the samoeig of gene families and the late
harvested (LH) fruits show a down regulation of soof the same groups of genes and an
upregulation of more distantly related genes (FBguR). These changes in patterns of gene
expression can also be observed more precisel as&terplots in which the shifts in the
expression of gene clusters in infected sampleselation to the uninfected sample are

observed along two axes (Figure 4.3).
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Colour scale bar

Figure 4.2Hierarchical cluster of avocado genes obtained frorthe 454 cDNA mapped
reads with changes in their expression profiles irresponse toC. gloeosporioides
infection. The dendrogram on top of the colour mosaic displ@vides a measure of the
relatedness of gene expression in each sample.deaehis represented by a single column
of coloured boxes, and each row represents a tiom&.pA bright red colour represents
higher than uninfected levels of gene expressioithen infected samples, bright green
colour represents lower than uninfected levelsasfegexpression. Black colour represents
genes equally expressed in both infected and wtade Brown indicates missing or
excluded data. The fold change scale bar is shdeweathe cluster with a ratio from -2 to

2.

123



Figures 4.3 Pearson's 2 D scatterplots of avocadenes obtained from the 454 cDNA
mapped reads with changes in their expression prdés in response toC.
gloeosporioides infection vs the uninfected sampleThe 2D scatterplots show the entire
distribution of genes represented in the dendogradhcolour mosaic. (A) The distribution
of genes expressed in EU vs C, (B) the distributibgenes expressed in LU vs C, (C) the
distribution of genes expressed in EH vs C andtfig)distribution of genes expressed in
LH vs C. A bright red colour represents high vadnel a bright green colour represents low

value. The middle value has a black colour.
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Many sequences obtained from the 454 cDNA mappadsreoded for specific groups of

proteins such as: senescence-associated proteas,geytochrome genes, hypothetical
protein genes, genes encoding proteins involvedn@iabolism, genes encoding plant
defence and stress-related proteins etc. Becausesdact, hierarchical clustering analysis

was done for each of these groups of genes toab#eeir expression profile at each time
point. For all the following hierarchical cluste(figures 4.4 — 4.12), each gene is
represented by a single column of coloured boxas,each row represents a time point. A
bright red colour represents higher levels of gexmression; bright green colour represents
lower levels of gene expression and black coloyragents genes equally expressed.

Brown indicates missing or excluded data.

4.3.5.2 Senescence-associated protein genes

Figure 4.4 shows that over time, senescence agsd@eotein genes expression profiles in
response t&. gloeosporioidesnfection are similar within the harvested and amvested
treatments. Based on the colour mosaic display2aid scatterplots, their expression is
down regulated in all the unharvested infected $asngnd is up regulated in the harvested

infected samples. This observation is confirmedhaystatistical analysis (Table 4.4).
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Figure 4.4 Pearson's 2 D scatterplots (I) and Hierahical cluster (II) of senescence-
associated protein gened he fold change scale bar is shown above thearlusth a ratio

from -1.84 to 2.

4.3.5.3 Cytochrome genes

Genes coding for some cytochrome proteins sucleyaschrome P450 like TBP protein,
cytochrome P450 monooxygenase, cytochrome c oxidasecytochrome f also show
variation in their expression followin@. gloeosporioidesinfection. In a binary tree
(dendogram) each gene corresponds to a terminal ofoithe binary tree. The results show
(Figure 4.5) that the joining points of many subs# are further from the root. Based on
the fact that the similarity of the nodes or sudxres indicated by the distance from the root
to a subtree, there is a high similarity betweenegecoding for cytochrome proteins. In
addition the colour mosaic display and 2 D scaltéspshow that these genes are highly
expressed in both EU and EH infected samples andignificantly down regulated in the
LU infected samples compared to the uninfected &snfl-igure 4.5). Once again, this

observation is confirmed by the statistical analy3iable 4.4)
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Figure 4.5 Pearson's 2 D scatterplots (1) and Hierahical cluster (ll) of cytochrome

genes.The fold change scale bar is shown above theeslugth a ratio from -1.93 to 2.

4.3.5.4 Hypothetical proteins

Hypothetical proteins were differentially expressedhe infected samples followinG.
gloeosporioidesnfection (Figure 4.6). In the dendogram manydtietical proteins are
merged together as nodes and the height of theegsuist short due to the similarity at the
level of distance measure. Some subtrees are taligcating that some hypothetical
proteins are not so close to each other. The cofmgaic display indicates high expression
of many of these genes in EH, and to a lesser Xehsamples and a significant reduced

expression in LU samples (see Table 4.4).
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Figure 4.6 Pearson's 2 D scatterplots () and Hierahical cluster (1) of hypothetical

proteins. The fold change scale bar is shown above theerlugth a ratio from -2 to 2.

4.3.5.5 Proteins involved in metabolism

Genes coding for proteins predicted to be involwedhetabolism were also differentially
expressed following C. gloeosporioides infection. The following clusters were
differentially expressed in all the infected samsp(€igure 4.7): putative RNA helicase,
integrase and retrotransposon; cellulose synthasgperon protein C precursor and
maturase K; fructose-bisphosphate aldolase andnpraich protein; helicase domain-

containing protein and ubiquitin.
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Figure 4.7 Pearson's 2 D scatterplots (I) and Hierahical cluster (II) of genes
encoding proteins involved in metabolismThe fold change scale bar is shown above the

cluster with a ratio from -1.78 to 2.

4.3.5.6 Proteins involved in defence response

Figure 4.8 shows that over time, genes predictdaetovolved in defence responseGo
gloeosporioidesattack are differentially expressed. The dendogsdmws that some
defence genes which are exhibiting similar expogsgiatterns are clustered together such
as: endochitinase with endo-134glucanase; cell wall associated hydrolase withias®

catalase with cell wall associated protein. Th@aomosaic display and 2 D
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scatterplots indicates a significant up regulabba number of the defence genes in the EH

infected samples (see Table 4.4).
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catalase
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cell wall-associated hydrolase
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endo-1,4-beta-glucanase

endonuclease fphosphatase family protein
stearovl-acyl-carmer-protein desaturase

Figure 4.8 Pearson's 2 D scatterplots (I) and Hierahical cluster (II) of genes
encoding proteins involved in defence respons&he fold change scale bar is shown

above the cluster with a ratio from -1.66 to 1.98.

4.3.5.7 Genes coding for transcription factors andproteins involved in signal
transduction
Data for genes involved in signal transduction arahscriptional activation could be

clustered and the binary tree presents the regulsing average linkage and Pearson
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correlation coefficient. Lower and higher expressi of these genes are observed in the

LU and EH infected samples, respectively (Figu8).4.
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hyperpolarization-activated protein

Figure 4.9 Pearson's 2 D scatterplots (I) and Hierahical cluster (Il) of genes coding
for transcription factors and proteins involved in signal transduction. The fold change

scale bar is shown above the cluster with a ratimf-1.51 to 2.06.

4.3.5.8 Genes coding for proteins involved in eleon transport and stress response
Genes predicted to be involved in electron trartspiod stress response were differentially
expressed in the infected samples follon@gyloeosporioidesnfection (Figure 4.10) and

formed sequence clusters as seen in the binary Areeip regulation in their expression
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profile is observed in the EU, EH and LH samples andown regulation in the LU

samples.
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Figure 4.10 Pearson's 2 D scatterplots (I) and Hiarchical cluster (II) of genes coding

for proteins involved in electron transport and stress responseThe fold change scale

bar is shown above the cluster with a ratio fron801to 1.96.
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4.3.5.9 Genes coding for proteins involved in prote synthesis and photosynthesis

Genes of these categories were differentially esqwe in the infected samples (Figure
4.11). In the dendogram genes are merged togatheodes and the height of the subtree
is short because of the similarity at the levetlistance measure. Some subtrees are taller
indicating that some genes are not so close to e#loér. The colour mosaic display
indicates a high gene expression in the unharvestddeEH infected samples and a slight

down regulation in the LH infected samples.
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Figure 4.11 Pearson's 2 D scatterplots (I) and Hiarchical cluster (II) of genes coding

for proteins involved in protein synthesis and phatsynthesis.The fold change scale bar

is shown above the cluster with a ratio from -1®8.
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4.3.6 Genes coding for expressed proteins

Genes coding for protein identified as expressetepr were differentially expressed in the
infected samples (Figure 4.12). They were all eltest together as they are exhibiting
similar expression patterns as seen in the bineeg, tand an up regulation in their

expression profile is observed in the EU and EHmasand a down regulation in the LU

samples.
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Figure 4.12 Pearson's 2 D scatterplots (I) and Hiarchical cluster (II) of genes coding
for expressed proteins.The fold change scale bar is shown above theeslwgth a ratio

from -1.52 to 1.74.
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4.4 DISCUSSION

454 sequencing analysis

Genome sequencing and transcriptome analysis hese @ramatically impacted during
the last decade by the development and advancd3NiA sequencing technologies.
Transcriptome analyses at a large scale of mangtplhave been facilitated using
microarrays and serial analysis of gene expres€8A(GE) techniques. However, these
techniques are effectives for model plants withvinaggenome sequences. Based on the
high number of reads generated per run togethér thé low sequencing error rate in the
contigs obtained, 454 sequencing is well adaptedetjuence the transcriptome of both
model and non-model plants than some conventionathads such as deep EST
sequencing using the Sanger method which is timetgning, labour intensive, expensive
and requires cDNA cloning. In addition the eliminatof a bacterial cloning step that can
bias the composition of the cDNA library is anoth@jor advantage of the 454 sequencing
of transcriptomes. This approach has been usedessfotly for analyzing the
transcriptome of chestnuts (Baraket al, 2009), maize (Emriclet al, 2007) and
Arabidopsis(Weberet al, 2007). We have applied this approach to undedsthe gene

expression changes occurring in avocado fruit spoase tdC. gloeosporioidesnfection.

In this study, we produced about 215 781 reads fm@atado fruit transcriptome in a one-
quarter run with the Roche 454 GS FLX Titanium folah. From the observations
presented in Chapter Two showing that the infechgrC. gloeosporioidesvas effective
and the from transcriptome sequencing, it is comdl that numerous genes and the
products of many of these genes are directly oirently involved in the interaction
between avocado fruit ar@l gloeosporioidesin addition the BLASTN revealed that many

sequences obtained showed similarities at the otidéelevel (Altschulet al, 1990) with
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others species belonging to the order of Lauralek asCinnamomum camphora, Peumus
boldus, Gyrocarpus americanus, Calycanthus occalentGomortega keule, Cryptocarya
meissneriana Laurus nobilis, Daphnandra micrantha, Hernandia myraeifolia

Complementary DNA sequences generated from thdagted and infected avocado fruits
cover various biological activities and moleculandtions indicating that 454 sequencing
constitutes a powerful tool for sequencing the dcaiptome and gene discovery of non

model species such as avocado.

Gene expression profiles

The expression profiles of the expressed genesssddy quantification during assembly
process and later by statistical analysis combiwéd hierarchical clustering analysis,
which are independent methods, revealed the relassdof gene expression in each sample
and showed that many categories of genes wereraftially expressed over time. The
expression profiles of avocado genes obtained fitard54 cDNA mapped reads (Figure
4.2) show that many groups of avocado genes wemegydated in the early unharvested
fruits. Among those up regulated some were alsoragulated in the early harvested
samples and others in the late harvested samplewifog the infection. For instance genes
coding for senescence associated proteins weregupated in the early and late harvested
infected samples (Figure 4.4). Previously it wamdestrated that senescence associated
protein genes encode various proteins such asebpgwoteases, RNases, transcription
factors, proteins involved in transportation andiadant enzymes (Espinozet al,
2007). Due to the lack of avocado genome, indiMidaracado senescence associated genes
could not be identified. But it can be surmised g@me of those genes were expressed in
order to trigger avocado defense response mechagamsiC. gloeosporioidesnfection.

In addition other genes coding for some cytochr@maeins and proteins involved in
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signal transduction were also up regulated in #réyeinharvested and harvested avocado
fruits after infection. So, avocado fruits are atdeesponse quickly tG. gloeosporioides
attack by expressing genes coding for defenceectlptoteins. It can also be observed
from the gene expression pattern that some of tlyesees up regulated were down
regulated almost in all the late unharvested fraitd in other part of the late harvested
samples (Figure 4.2). This observation could leathé suggestion that avocado defence
related genes are activated immediately followitiggloeosporioidesattack, but their
defensive action does not last for long. This calib be one explanation of why avocado
Fuerte varieties are more susceptibles to anths&cnlisease. Similar gene expression
patterns were obtained in strawberrffrggaria ananassa exhibiting antrachnose

symptoms when infected I§yolletotrichum acutatuniCasado-azet al, 2006).

Thus, avocado fruits react tGolletotrichum infection by expressing a large group of
defence related genes to fight against the funif@atla Some of these important groups of

genes expressed are discussed below.

Signal transduction genes

Firstly, one of the categories well represented gaees involved in signal transduction
such as mitogen-activated protein kinases (MAP&)¢ine-rich repeat (LRR) receptor-like
protein kinase, salicylic acid-activated MAP kinasalcium ion binding protein, salicylic

acid-binding protein, Pto kinase interactor, reoefike serine/threonine kinase, signal
recognition particle receptor protein and many h8&8ignal transduction networks allow
cells to perceive changes in the extracellular remvnent and to mount an appropriate
response. MAPK are serine/threonine-specific protein kinageg participate in

transducing extracellular stimuli to the host geroand would be activated aftél.
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gloeosporioidesnfection to enable pathogen recognition and iimwwdhate plant responses.

It has been shown that MAPKSs in several plant §seare activated during plant responses
to elicitors or pathogens (Madhani and Fink, 1988ng and Klessig, 2001). Because the
defence signalling pathways that lead to the pteathogen response are activated after
elicitor binding to receptors, it is more likelyathLRR receptor-like protein kinase and
signal recognition particle receptor protein wexeressed in order to mediate the fungus
recognition by the plant (Dangl and Jon2801). The expression of salicylic acid-binding
protein may suggest that salicylic acid, whichnigolved in the activation of various plant
defence responses following pathogen attack, @aysnportant signalling role following
C. gloeosporioidesnfection in avocado (Hammond-Kosack and Parkei3200alcium ion
binding protein and calcium-dependent protein kénasre also expressed, indicatingCa
signalling activities in avocado following infectio Previous studies revealed that the
fluctuations in cytosolic Ca levels that are mediated by @ermeable channels located
at the plasma membrane of the plant cell can s&s\e regulation of the plant response to
pathogen invasion (Bush, 1995; White and Broad®®Q)3). In addition many fungi that
infect plant tissue do so by penetrating the cediue with pectinases. The increasing tissue
calcium content increases the concentration ofipebiolding cells together, which lead to
a greater ability to resist these enzymes (Eastw2002). C&' can also play a crucial
role in the cell wall by determining a strong stural rigidity through cross-links within

the pectin polysaccharide matrix (White and Bropdk®03).

Transcription factors
Transcriptional activation of genes is a crucialt p# the plants defence system against
pathogens. Several transcription factors such # pibteins, WRKY proteins, zinc finger

family protein, ethylene responsive element bindprgteins (EREBP), DNA binding
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proteins were identified. In many plant species, ttanscription factor WRKY antflyb
genes expressed in avocado, are strongly and guipktegulated in response to pathogen
attack, wounding or abiotic stresses. Studies dstrated that in tobacco, multiple WRKY
genes are induced after infection with bacteridobacco mosaic virus, or treatment with
fungal elicitors SA or KO, (Yodaet al, 2002; Takemotet al, 2003). Some studies
showed thaMyb genes are involved in regulation of disease rasistayenes (Yang and
Klessig, 1996; Vailleaet al, 2002). Based on these previous studies it caprédicted
that the transcription factors were produced d&itegloeosporioidesnfection in order to

activate genes involved in the defence system ofado fruit.

Genes involved in oxidative burst

Some of the genes differentially expressed follg{n gloeosporioidesnfection are genes
involved in the oxidative burst such as: glutatieigmeroxidase, cytochrome C oxidase,
catalase isozyme 3, dehydroascorbate reductasBabD#i-plastoquinone oxidoreductase.
It has been shown that at the early stage of plal@fence response, the oxidative burst
occurs which is a rapid and transient productionlanfje amounts of reactive oxygen
species (ROS) at the site of infection (WojtasZE39Q7). lon fluxes subsequently induce
extracellular production of ROS intermediates, sasthydrogen peroxide, superoxide and
hydroxyl free radical, catalyzed by a plasma meméiacated NADPH oxidase
(Somssich and Hahlbrock, 1998). Extrapolating frim finding of Tenhaken et al.
(1995), the ROS produced in the oxidative burstra@t gloeosporioidesnfection could
not only protect avocado against the fungus invasbmut could also serve to trigger the
overall defensive response system. It is well knoiwat the earliest reactions of plant cells

include changes in plasma membrane permeabiliingato calcium and proton influx
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and potassium and chloride efflux (McDowell and Blar000). Previous work with
soybean infected biyseudomonas syringa. glycineademonstrated that accumulation of
H,O, from an oxidative burst stimulates a rapid infloixC&" into soybean cells, which
activates a physiological cell death program. THeslngs establish a signal function for
C&* downstream of the oxidative burst in the stimolatof a physiological cell death

program in soybean (Levine, 1996).

Genes involved in stress responses

Chaperone protein Dnak (heat shock protein 70)adiners known to be involved in stress
response during plant interaction with a pathogesrewexpressed in all the infected
samples. During stress, avocado fruit would ad#&ptmetabolism and activate a large
variety of physiological and biochemical change®ider to repair damages or to protect
their cells from the effects of stress causedCbygloeosporioidesFor instance, heat shock
proteins 70/ Chaperone proteins (Dnak) families kavewn to be in charge of protein
folding, assembly, translocation and degradationmany normal cellular processes,
stabilize proteins and membranes, and can als@ gervassist in protein refolding under
stress conditions (Waret al, 2004). Previous studies showed that under baotet abiotic
stress, the transcriptome and proteome sometinagyetrapidly and dramatically (Watson
et al, 2003; Rampitsek and Srinivasan 2006). Basedheset observations it can be
hypothesized that chaperone proteins (Dnak) familiere expressed in avocado to
stabilize the proteins and membranes, and to assigtrotein refolding under stress

condition initiated byC. gloeosporioides.
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Defence response/resistance genes

Another category of genes differentially expressedresponse taC. gloeosporioides
infection are genes involved in defence responsh agp-glucanases, endochitinases and
endopeptidase known to have antifungal activign(izoon and van Strien 1999) and plant
aspartic proteinase which also exhibits antimiablaictivity. Other genes expressed like
pathogenesis-related protein 6, cinnamoyl-CoA rexhe; cytochrome P450
monoxygenases and others are known to be involvednous processes of plant defence
against pathogens, such as cell death relatedpersgnsitivity response, construction of a
physical barrier to block the pathogen progressem,well as systemic resistance. We
found elongation factor-1 which is involved in cantling the extent of the cell death in the
defence response and acetyl co-enzyme A carborgfeease involved in the regulation of
resistance gene expression (Barakal, 2009). Genes which encode proteins involved in
lignin biosynthesis, such as cinnamoyl-CoA redugtaskey enzyme in lignin biosynthesis
(Kawasakiet al, 2006) and cytochrome P450 monoxygenases (Boafaal, 2003;
Barakatet al, 2009) were also expressed. It is well estabfisti@t lignification is a
mechanism for disease resistance in plants, widabsl to an ultra-structurally modified
reinforced cell wall (Walter, 1992Bhuiyan et al., 2009). This structural modification
enables the cell wall to become more resistanteéoh@anical pressure applied by the fungal
appressoria during penetration as well as morerwatsstant and thus less accessible to
cell wall-degrading enzymes (Zeyest al, 2002). The biosynthesis of lignin can be
stimulated by various biotic and abiotic stress ditons, such as metabolic stress,
pathogen infection, wounding and perturbations ell wall structure (Troncheét al,
2010). Previous studies in various plants showed\am-expression of genes involved in

lignin synthesis during pathogen infection (Sibetial, 2005; Wanget al, 2006). Based
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on these findings it is likely that lignin biosye#is and cytochrome P450 were induced in
avocado fruit during defence responses to@aliloeosporioidesvasion.
Pathogenesis-related proteins 5 (PR5) are knowpossess antifungal activity against a
broad spectrum of fungal pathogens and their sgighe induced by the presence of fungi
in the plant (Hu and Reddy, 1997). It was demotedtiréghat disease resistanceBumtrytis
cinereawas increased in transgenic strawberry plantsesgomg PR 5 (Schestibratov and
Dolgov, 2005). Alpha and beta glucosidase-like girotvere also expressed as the result of
this fungus infection. According to previous studyplant cells some antibiotic phenolics
are stored as inactive bound forms and are cordraénte biological active antibiotics by
plant hydrolyzing enzymes (glycosidases) in respaispathogen invasion (Lattanzib
al., 2006). This suggests that glucosidases wereesged in avocado fruit for the

activation of some phenolic compounds involvedefedce response system.

Genes involved in photosynthesis and plant metabsin

Other identified genes involved in plant metabolimnd photosynthesis were also
expressed aftet. gloeosporioidesnfection. When plants are under stress causddrimal
pathogens, their metabolism of carbohydrates, dipmfoteins and nucleic acid are also
affected (Agrios 2005; Baldet al, 2010). Activation of signal transduction netwedfter
pathogen recognition results in reprogramming diuze metabolism, which leads to a
large change in gene activity. For instance the ®RINd protein levels of ribulose-1,5-
bisphosphate carboxylase oxygenase, in potato,deastically reduced by pathogen
infection or elicitor treatment (Somssich and Habdlx, 1998).The induction of some
photosynthetic genes such as: ribulose-1,5-bisgtaisp carboxylase/oxygenase,

photosystem | assembly protein, photosystem |l gmmotand chloroplast NADH
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dehydrogenase, during the interaction between aweadC. gloeosporioidesnfection
may implicate light-sensing mechanisms in the itidnc of plant disease defence
signalling. Previous studies showed that there imla between plant defence system
against pathogen and both light-sensing network thed oxygen-evolving complex in
Photosystem Il (Abbinlet al, 2002; Genoucket al, 2002). In addition Phytosystem Il
plays an important role in preventing the accumaabf ROS (Asada, 1999). Another
functional category observed in the avocado trapiscnes are genes encoding proteins
predicted to play a crucial role in energy productiduring response to the pathogen
infection. For instance, ATP synthase expressed awmocado fruitis an
important enzyme that creates energy for the oelise through the synthesis of adenosine

triphosphate (Thilmongt al, 2006; Trumaret al, 2006).

In addition to the role played in energy productiop some identified genes encoding
proteins predicted to function in photosynthedid)as been suggested that some of these
may have defence functions. Previous study shovwed in Arabidopsisthe oxygen
evolving enhancer protein 2 is phosphorylated hy@ein complex containing glycine-
rich protein 3/wall-associated kinase 1, a pathegenrelated protein required for survival
of plants during the pathogen response (Yahgal, 2003). Phosphorylated oxygen
evolving enhancer protein 2 is thought to modulatemation of BO,/O," which could be
involved in some defence processed such as: deggealling, the induction of defence-
related genes, and the regulation of the hypersemsesponse (Yanet al, 2003).

Flavonol synthase\flavanone 3-hydroxylase an emrzgithe phenylpropanoid metabolic
pathway that participates in flavonoid biosyntheflsirnbull et al, 2004) was also
expressed in avocado fruit aftér gloeosporioidesttack. Due to its responsibility for the

synthesis of a large range of natural productslamtp such as lignans, lignin, flavonoids
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and anthocyanins, the phenylpropanoid pathway issidered to be one of the most

important metabolic pathways (Verpoorte, 2000).

Genes involved transportation and protein synthesis

Another group of genes identified, includes genesoding proteins predicted to function
in transport processes and protein synthdasisiesponse to pathogen invasion such as
fungi, plants assemble a large array of proteimgsheir defence. Some of these proteins
are: proteins that serve in the recognition of gmepathogen, those involved in signal
transduction pathways, defence related proteiisywedl related proteins/structural protein,
protein involved in energy biosynthesis and otlpecgeins implicated directly or indirectly

in the defence mechanisms in response to pathdtpak §Agrios, 2005).

Unexpressed genes

Finally, there were gene sequences which were xjtessed in infected fruit (Table 3),
among which is the gene for limonene synthase,renyree which catalyses the stereo-
specific cyclization of geranyl diphosphate, theivarsal Ggprecursor of the
monoterpenes, to form a monocyclic monoterpenepriene (Oharaet al, 2003).
Monoterpenes are important constituents of plas¢msal oils and limonene would likely
be an essential contributor to the flavour andraage of avocado and its value to the
cosmetic industry (Oharet al, 2003). Non expression of this gene@ygloeosporioides
infection illustrates an aspect of the economicseguences of the disease to the avocado
industry. Malic enzymes are involved in a numberimportant metabolic processes

requiring the conversion of malate to NAD(P)H, pyate, and C@ In plants, these
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enzymes contribute to s@hotosynthesis, pH balancing mechanisms and fipéning
processes (Drincovicét al, 2001) and repression of the gene indicates ¢gative effects

of anthracnose on essential components of avocadarfetabolism. It would appear from
the Genbank that sequences controlling inductionjasmonic acid (JA) are also not
expressed in infected avocado fruits although & haen demonstrated that it mediates
resistance to insect pathogen attack and abiagsstresponses to wounding and ozone
(Kunkel and Brooks, 2002; Voelckel and Baldwin, 2D0JA also functions in signal
transduction between pathogenicity and resistaroegin many plants (Agrios 2005) but
it does not appear to be involved in the signalgdaiction during avocado responseCto
gloeosporioidesattack. However, its non-induction may also bekdoh to the non-
expression of the gene coding for limonene syntlaasthe production of this enzyme can
be stimulated by methyl jasmonate (Ohart al, 2003).Glycosyl transferases also
identified are enzymes known to be actively invdlve the biosynthesis of carbohydrate
moieties of glycoproteins and glycolipids, whicaein various cellular functions (Varki,
1993) and repression of this gene indicates thatnegeffects of anthracnose on some

cellular functions of avocado fruit.

Similar gene expression profiles were obtained trawdberry during response tG.
acutatum infection (Casado-laz et al, 2006). In this study, strawberry normalized
subtracted libraries of genes up and down regulatece generated afteC. acutatum
infection using SSH method. About 3191 strawbereyes predicted to be involved in
various biological processes were identified. Amémgse genes, 4.5% were identified to
be involved in signal transduction (Calcium-depetidprotein kinase, LRR protein,
MAPK, Serine threonine protein kinase, WD-repeattgin); in transcriptional activation

3.2% (bZIP transcription factor, DNA binding praoteEREBP-4, Myb-like transcription
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factor 6, WRKY-like transcription factor); in defem response 11.9% (Chitinase 1,
Disease-resistant-related protein, Endoft[d-glucanase, Pathogenesis-related protein 5-
1, Plant peroxidase, Thaumatin-like prote#Thionin); in metabolism 2.1% (cytochrome
P450, Glutamine synthetase, Glutathione S-transfenautative acyl-CoA oxidase, UDP-
glucose pyrophosphorylase) and many other gene8 @88 with unknown function were
also identified (CasadoiBz et al, 2006). These results showed that many strawberry
genes expressed in defence responge. @cutumattack are similar to those expressed in

avocado in response @ gloeosporioidesttack.

A similar genomic approach used in this study feocado gene expression exploration
was used to compare the transcriptomes of Amerdtastnut Castanea dentajaand
Chinese chestnuC@stanea mollissiman response ta fungusCryphonectria parasitica
infection (Barakaet al, 2009). Barakat and colleagues (2009) used 48#spyuencing to
sequence the transcriptome from fungal infected lagalthy stem tissues collected from
blight-sensitive American chestnut and blight-resis Chinese chestnut. They produced
about a million 454 reads from which 28 890 unigemesre generated from American
chestnut and 40 039 unigenes from Chinese che&thatsize of their data bases was high
compared to what we obtained. This finding reslitethe identification of a large number
of chestnut genes involved in signal transductMARK), in transcriptional activation (F-
box proteins, Myb transcription factor, WRKY), irefénce response (Cytochrome P450,
Glycosyl hydrolase, Pathogen-responsive —dioxygenase, Peroxidase) in lignin
biosynthesis (4-Coumarate-CoA ligase, Cytochromé&0P4Succinyl-CoA ligase, S-
adenosylmethionine synthase 3) in the regulatiomesistance gene expression (Acetyl-

COA carboxyltransferase) and other genes with dev@nolecular functions (Baraket al,
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2009). Based on the results obtained in our studlypevious studies, 454 sequencing is

well adapted for transcriptome studies of non mqdeeht like avocado.

In conclusion, the research outlined here revetiladavocado fruit is able to respondo

gloeosporioidesinfection by exhibiting a sophisticated molecularstem for pathogen

recognition and by activating structural and bioulel defence mechanisms. The overall
goal was to sequence the whole uninfected andtedeavocado transcriptome, then to
identify several candidate genes which are difféaiy expressed as a result
of infection These findings yielded a first insight into sonfel® genes expressed in this
plant-pathogen interaction at the molecular lewadl @ould contribute to the design of
effective disease management strategies to imptloweresistance of avocado varieties
to anthracnose disease. For instance, one coulelaevesistant alleles which could be
used in plant breeding to produce more anthracmesistant Fuerte cultivars. Further
analysis of specific defence related genes and qgRG&ntification to validate the

expression profile of some genes will be preseintede following chapter.
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5.1 INTRODUCTION

Anthracnose of avocadd’érsea americanaill.) caused by the fungu€olletotrichum
gloeosporioidegPenz.) Penz. and Sacc. is the most serious déwgstiisease widely
distributed in all avocado growing areas of theld/¢Bailey et al, 1992; Sreenivasaprasad
and Talhinhas, 2005). In South Africa, the incidet anthracnose is 37% of all cultivars
(Sangeetha and Rawal, 2008). In addition, in Séditica, the fungus has been reported on
21 others hosts such as almond, coffee, varioussciarieties, grapevine, mango, papaya,
sisal, walnut and several ornamental plants (Svi®®9). Due to their perishable nature,
avocado and mango are probably the most suscepiideg these plants (Prusky, 1994).
Besides anthracnos€, gloeosporioidesan also cause dieback, root rot, leaf spot, blasso
rot and seedling blight on avocado (Freemaal, 1998). Anthracnose is one of the most
widespread forms of decay and the most importasgadie of avocado (Prusky, 1994). As
observed in Chapter Z. gloeosporioidefects unripe fruits but remains in the quiescent

stage and cause no damage until ripening, whemsixtedecay occurs.

Several studies demonstrated that natural resoofgesistance are present in avocado fruit
(Prusky and Keen, 1989; Prusky al, 1990; Domergueet al., 2000); as in other plant
species, avocado has the ability to respond toopgath attack and possesses a preformed
and/or inducible defence strategy. Unripe avocadibsfare resistant tG. gloeosporioides
due to the presence of high concentrations of prefd antifungal chemicals such as: 1-
acetoxy-2-hydroxy-4-oxo-heneicosa-12, 15-diene <kyu et al, 1982); 1,2,4-
trihnydroxyheptadec-16-yne; 1,2,4-trihydroxyheptadéeene and 1-acetoxy-2, 4-
dihydroxyheptadec-16-ene (Prus&lyal, 1991b; Adikaranet al, 1993). The main action

of all these antifungal compounds is to maintaie fhngus in a quiescent stage by
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inhibiting C. gloeosporioideggermination and germ tube elongation (Domergtieal.,
2000; Guyotet al. 2005). In order to confirm the antifungal propestof these compounds,
Marimani (2011) showed that inoculation of harvdséand unharvested Fuerte avocado
fruits with C. gloeosporioideat approximately 240 days after fruit set causemerease in
the antifungal diene and triene levels, particylad 2 day post infection. The infection
process ofC. gloeosporioidesvas more efficient and striking in harvested Buithich
contain low antifungal diene and triene conterftantin unharvested fruits which are more
resistant to the fungus due to their higher coma#ioh of these compounds, which were
shown to inhibitC. gloeosporioidegyermination and germ tube elongation (Marimani,
2011). However the defence systems of avocado stgdhe parasitic attack oC.

gloeosporioidest the molecular level are not yet elucidated amdpoorly understood.

Knowledge of plant susceptibility or resistance @opathogen attack is based on the
interactions between plant disease resistance gandstheir corresponding pathogen
avirulence genes. In general, when pathogen inmasiccurs in plant, a number of

metabolic changes are induced within the plant defance response. Initially, to confine

the spread of the pathogen, a localized resistae@etion, known as the hypersensitive
response, is activated in the case of race speesistance but not always (Kwang-Hyung
et al, 2004). Meanwhilearound the infection sitgarious genes conferring resistance to
diseases are induced, which leads to the produaifoantimicrobial compounds, the

phytoalexins, phenolic compounds involved in deéenesponse and various antimicrobial
proteins, including pathogenesis-related protelff?)( Finally systemic acquired resistance
can be expressed in the plant as the result ofysEmic expression of PR protein genes

activation (Puupponen-Pimia, 2001; Agrios, 2005ynile et al, 2007), with the
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involvement of different molecular and hormonahsduction pathways (Gachonet al,

2003; Hammond-Kosack and Parker, 2003).

Over the years, studies on plant defence-signalpathways have demonstrated that,
depending on the type of parasitic attack, plamés aapable of differentially activating
distinct defence pathways. Pathogens have thdyatalinduce expression of defence genes
through different signalling pathways that requirg@ant-signalling molecules such as
salicylic acid (SA), jasmonic acid (JA), and etmge(ET). Defence signalling is complex
and involves an interplay between protein kinadespholipids, and defence signalling
molecules such as nitric oxide (NO) , reactive etygpecies , SA , JA and ET (Thomeata
al., 2001; Hammond-Kosack and Parker, 2003). Hydrqugoxide (HO,) and NO also
play a role in cross-talk and convergence pointsvéen pathways (Kumar and Klessig,
2000). SA, JA and ET are part of the two major deéesignalling pathways known as an
SA dependent pathway and an SA-independent patkivedynvolves JA and ET (Kunkel
and Brooks, 2004). Genetic methods are useful @mtity signalling molecules and
determine their role within the signal transductioetworks that control defence

mechanisms.

Resistance genes based on their predicted prdteictigal characteristics can be classified
into six classes (Chapter 1) whose products seenctivate a similar range of defence
mechanisms. In the plant defence strategy, geras y@rious biological roles. Some of
those genes present in all plants are involvethenpiassive defence system of the plant by
preventing pathogen penetration e.g by formingiektivaxy cuticular layer that protects
against penetration. Others genes intervene inspeoiic plant defence by producing

callose, chitinases, enzymes for oxidative stregteption, glucanases, lignin, phytoalexins,
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some antimicrobial secondary metabolites and sonemqdic compounds (Glazebroek

al., 1997). Other genes are required for race-spep#sistance such as major resistance
genes that lead to expression of the hypersensiisponse and the arrest of pathogen
growth (Jgrgensen, 1994). Research to identifyqueth-related genes in plants can be used

to improve disease resistance in agronomical védyalants.

Over recent years, many functional R genes confgmésistance to various plant species,
against a large spectrum of pathogens such asrizacteuses, fungi, nematodes and even
insect pathogens with very different lifestylesvéaeen isolated from different plant
species (Crampton, 2006; Van den Berg, 2006; Maf®08; Baldaet al, 2010). Multiple
identification and isolation of plant resistancenge have become possible and more
accurate due to the development of genomic todemntification of R genes can lead to a
breakthrough in understanding the molecular meshasiunderlying diseases or other
biological progressions. For instance, when conmgathe gene expression profiles of a
healthy plant to that of an infected plant, indiwadl genes or clusters of genes that play an
important role in a particular signalling cascaderodisease aetiology can be identified
(Wan et al, 2002). In addition, next generation sequencinghot, such as Roche 454,
lllumina Solexa and ABI SOLID technologies can ldadgreater unbiased and complete
analysis of quantitative and qualitative genetiarges associated with a particular
phenotype or in response to pathogen infection (Rley et al, 2009; Wheeleet al,
2008). To date, a comparison of capillary sequan@nd next generation sequencing
methods (Morozova and Marra, 2008) revealed thahRa@54 sequencing is most widely
used for analyzing the transcriptome of non-modghnisms than conventional methods
such as microarrays, serial analysis of gene esjomesor EST analysis generated using

capillary sequencing (Baraket al, 2009; Suret al, 2010).
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Multiple gene expression profiles in plants arecesgsfully studied today by a sensitive and
reliable technique. Real-time polymerase chain tr@acanalysis is better than other
methods available to quantify gene transcripts frplant cells in terms of accuracy,
sensitivity, and fast results. It has been usedjane expression profile research as a
subsequent tool to evaluate the expression of ebauwf genes involved in plant defence
system. For instance, it has been used when swdle resistance of pearl millet to the
biotrophic rust pathogeRuccinia substriata var indic#o validate the results of the gene
expression profiles obtained using SSH and micayarCrampton, 2006); and also when
studying the resistance of banana Rosarium oxysporum(Van den Berg, 2006). In
addition, it has been also used in tobacco respgnoi black shank to confirm the value of
some resistance genes generated using SSH (Chaabn2009). In this study, we use the
sequencing results obtained in Chapter 4 but fanlg on the genes predicted to be
involved in the plant defence system, to elucidhteresistance mechanisms expressed in
avocado fruit under conditions of anthracnosedtid@. To validate the differential gene
expression pattern described in Chapter 4, a subségtudy was done using quantitative

real-time PCR to measure the expression of sorgettgenes at a particular time point.
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5.2 MATERIALS AND METHODS

5.2.1 Previous preparation prior to sequencing
The preparation of the fungal inoculum, plant matsy inoculation, total RNA and
synthesis of double stranded cDNA from total RNAevperformed as outlined in Chapter

3 (Materials and methods).

5.2.2 Preparation of cDNA samples forde novo transcriptome sequencing with 454

GS-FLX titanium platform and analysis.

Preparation of cDNA samples fale novotranscriptome sequencing with 454 GS-FLX
Titanium platform and analysis were performed aslird in Chapter 4 (Materials and

methods).

5.2.3 Real Time Reverse Transcriptase -PCR
The expression of catalase and endochitinase wastigated further using the relative

guantification real-time PCR method, as describeidvb.

5.2.3.1 Primer design

Eight primers were designed from sequences of cDNi&ined after 454 sequencing using
the Integrated DNA Technologies’s PrimerQuest Tool
(http://eu.idtdna.com/Scitools/Applications/Primgegt/Default.aspx) which incorporates
Primer 3 software. The selected genes includedeticosling for the endogenous control
genes (actin and glyceraldehyde 3-phosphate depgdease), catalase, endochitinase,

endo-1,4-D-glucanas&C-NBS resistance protein, pathogenesis relateteipré and 6.
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The primer for the endogenous control gene glydetalde 3-phosphate dehydrogenase
was designed from sequences obtained from NCBI.pHEnameters chosen for each primer
were as follows: short amplicons of less than BpOand a Tm of 58- 60.1°C (Table 5.1).
The specificity of the primers was first validatéy BLASTN. The primers were
synthesized by Ingaba Biotechnical Industries (Ritd. (Pretoria, South Africa). The
primers pairs were evaluated for efficiency by perfing a conventional PCR experiment
using cDNA as template with 10 uM of specific prim&otal RNA (2 pug) was reversed
transcribed using a RevertAid™ Premium First StreDIA Synthesis Kit (Fermentas Life
Sciences, South Africa), following the manufactigr@nstructions The PCR reactions were
carried out as follows: one cycle of 94 °C for 3wnfinitial denaturation), 35 cycles of 94
°C for 30 s (denaturation), Tm of each primer fomih (annealing) and 72 °C for 2 min

(elongation). Final elongation was achieved at@2dt 10 min.
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Table 5.1Base composition of primers designed for each wdiffeselected gene for qRT-
PCR

Putative identity | Primer Produ Primer Direction Primer Sequence Primer
size Length (5-3) TM (°C)
Actin 166 24 Forward Primgr ~ AGCTCGCTTATGTGGCTCTTGACT 60.0
Reverse Primerl TCTCATGGATTCCAGCAGCTTCCA
Forward Primerl. TTTGAAGGCATGGATCACATCGGG 59.4
Catalase 162 24 Reverse Primel CTCGAGGCTTCGCCATTAAGTTCT 58.7
CC-NBS 185 24 Forward Primgr ATCATCCTTGTCTCCATGCGGTCT 59.8
resistance protein Reverse Primeri  AAAGCTTTCCAGCTCATTCACGGC 60.0
Endochitinase 186 24 Forward Primgr ATCACGTTGTGGCATGACGGTTTG 60.1
Reverse Primelr| AATACTACGGGCGTGGACCATTCA 599
Endo-1,4-D-glucanase 121 24 Forward Primer ACTCTTCCGGAGGACATGCTTTCA 59.9
Reverse Primer TGTATGACATCTTGGCCGGGTTCT 60.0
GAPDH 186 24 Forward Primar AGTGGAGGGTTTGATGACCACAGT 59.9
Reverse Primerl ATTTAACGCAGGCAGCACTTTCCC 60.1
PR-5 171 24 Forward Primar TGCAACAGTACTCGTCGGTCTTGA 59.7
Reverse Primeil  TATCGCTGGTGGACGGGTTTAACA|  60.0
PR- 6 158 24 Forward Primer TGCGCGGACTTACAATCAGA 56.3
Reverse Primell  AGAGTCCAAAGTGTCGTTCAGCCT 599

5.2.3.2 Quantitative Expression Assays

For the quantification expression assays, catadaskendochitinase were selected along
with an actin gene and GADPH as endogenous cordrolreferences genes for
standardization. A real-time quantification PCR tcoh experiment was performed to
examine the linearity of amplification over its dynic range. A serial dilution (undiluted,
1:10, 1:100, 1:1000, 1:10000) on 5 pl of cDNA aath of the primers sets (10 uM of
each primer) for the different genes was used fopldication and the results used to
calculate the standard regression curves. Eachatilpoint on the standard curve was done
in duplicate. The standard curve was calculatedeimh of the selected genes with the
following formula: y=mx+b, where b= y-intercept sfandard curve line (crossing point)

and m=slope of the standard curve line (functioRGR efficiency).
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The expression of the selected defence relatedsgemee assessed in two independent
biological replicates (cDNA from different fruiteynd each biological replicate has its own
replicate (technical replicate). The expressiorthef selected defence related genes were
assessed using the Roche Light cycler 1.5 techgolegpression profiles were presented
as a ratio for each gene fragment at 0, 1 and 8stl ipfection in comparison with the
expression of the gene fragments in the calib@teminfected control.

Real-time PCR reactions were set up by combining ylOof Maxima™ SYBR
Green/Fluorescein qPCR Master Mix,ull each of the forward and reverse primers (10
pnM), 1 pl of cDNA and nuclease-free water to givietal master mix volume of 2@ per
reaction. Reactions were added to glass capillauless and placed into the LightCycler
rotor (Roche Diagnostics). No template control (NT@actions contained water as
template was used as negative control and 1 pDdfAc (1:10 dilution) was used as a
positive control. The cycling conditions were alidws: initial denaturation for 10 min at
95°C (hot start) followed by amplification and gtification cycle repeated 40 times each
consisting of 15 s denaturing at 95°C, 30 s anngalt primer specific temperatures (Table
5.1), 30 s primer extension at 72°C with a sinfilmrescence measurement. Then a
melting curve cycle was obtained by heating to 68IC15 s with a heating rate of 0.1°C
per second and continuous fluorescence measureamehfinally a cooling step at 40°C for
30 s. LightCycler software (Roche) was employeddalgulate crossing points (Ct) for each
transcript,Ct being the point at which the fluoersme rises appreciably above the

background fluorescence (Pfaffl, 2001).

5.2.3.3 Data analysis

The relative standard curve method was used totifyahe selected genes. Because

guantitation should be normalized to an endogerounsol, standard curves were prepared
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for both the target (catalase and endochitinasd)the@ endogenous reference (actin and
GADPH). For all experimental samples, the amourtagdet and reference in the samples
of interest was calculated using their Ct values thie corresponding standard curve. Then
the normalized expression value for each gene waézilated by dividing the average

amount of target gene by the average amount oétaeference gene. Finally, the relative
expression level of the target gene in the sampliasterest was determined by dividing

the normalized target amounts by the value of @ildmator or (Control). The calibrator

then became the 1X sample, and all other quantites expressed as an n fold difference
relative to the calibrator (Applied Biosystems, 200The average input of each treatment
of the target gene and the reference control amdtdndard deviation were calculated prior
to calculating the normalised values using thastiedl analysis software GraphPad inStat
3. Real-time PCR data were statistically compareveen treatments at each time point

using one-way ANOVA (Kuznetsowt al, 2010).
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5.3 RESULTS

A cDNA samples prepared from total RNA were seqadngsing the 454 GS-FX platform.
This single sequencing run produced 215 781 reas the avocado fruit transcriptome,
with an average read length of 252-300 nucleotiglange = 41-562) as presented in

Chapter 4.

5.3.1 Defences related genes differentially expresk in unharvested and harvested

avocado fruit following C. gloeosporioidesnfection.

After 454 sequencing and assembly of the readsinglatathe cDNA sequences were
submitted to BLASTX in order to identify defencetgtive genes differentially expressed
as a results of the infection @f. gloeosporioidesn unharvested and harvested avocado
fruits. We then determined which defence relatechegewvere in common in the
transcriptomes generated from uninfected fruits eufielcted fruits from each time point
(EU, EH, LU and LH). Then during the sequence asia)ythe reads were also quantified in
order to determine the number of copies expressedirpe-point. Based on the similarity
displayed after comparing the sequences obtaingdetamon-redundant protein databases
BLASTX program, we selected four groups of genésted to defence response in avocado
(Table 5.2). The selected groups are genes involnedranscription factors, signal
transduction, defence and stress response. Allgdrees selected after comparing the
sequences to the protein databases BLASTX had yahigh percentage of coverage, a
good percentage of identity and belong to the gtamgdom. But due to the fact that there
is little genomic information of avocado in Genbagenome not yet sequenced) the E-

value could not be relied on to make a selectidres€é reads were expressed in all the
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infected samples and some of these reads weregigsessed in uninfected samples. Table
5.2 contains the summary of some genes obtained thhese reads. We used (0) to indicate
that the genes expressed were induced at the yartibme point; (1) the gene was

expressed at the same level in both uninfectedrdadted sample at that time point and >1
to indicate that the gene was expressed in bothfected and infected but the number of

copies was up regulated in the infected sample.
The sequences of these selected genes are preseritexrlappendix. But the sequences

results of other genes were not presented dueetditih number of sequences obtained

after 454 sequencing (70.6 megabases of sequetecgataerated).
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Table 5.2 The unmapped reads from EU, EH, LU and LH samplappimg to the unmapped reads from the control hait putative function.0
means not mapping with the uninfected; 1 means sthppe time in both uninfected and infected, >1maeaapped more than on time (up regulated
in the infected samples).

Number of copies expressed
Name ccession num of sin Similar sequence from database E-value Max
sequence (Putative function) Identity Early Late Early harvey  Late
% Unharvest Unharvest harvest
SIGNAL TRANSDUCTION
Gene001 NP_973603.1| ADP-ribosylation factor GTPase-activating protein
AGD10 [Arabidopsis thaliana] 5e-26 79 11 2 7 .
Gene002 XP_00253163¢ Casein kinase, putative [Ricinus communis] 9e-18 83 0 2 0 0
Gene003 XP_002880383.1] Kinase family protein [Addpsis lyrata subsp. lyra 0.094 73 0 0 1 1
Gene004 NP_201509.1 Mitogen-activated protein kinase 19
[Arabidopsis thaliana] 7 e-21 60 1 0 0 q
Gene005 Ptil-like S/T protein kinase
ACR07972.1 [Hordeum vulgare subsp. vulgare] 1 e-38 71 1 0 0
Gene006 AAR87711.1 Salicylic acid-binding protein 2 [Mitana tabacum] 1le-10 63 0 0 0 1
Gene007 NP_196670.1 Serine-rich protein-like proteimdBidopsis thaliana 7 e-11 60 0 0 0 1
Gene008 ADN96595.1 Thioredoxin h [Vitis vinifera] 3 e-08 64 1 0 1 2
TRANSCRIPTION FACTOR
Gene009 AEF30544.1 Ethylene transcription factor [Castandava} 6 e-06 53 1 0 0 0
Gene010 NP_177591.1 F-box/kelch-repeat protein [Arabidopsis thaliana] e-25 64 1 0 0 0
Gene011 AAS10005.1 MYB transcription factor [Arabidopsis thaia’ 2 e-07 83 0 0 1 0
Gene012 CAD56217.1 Transcription factor ERELlike protein
[Cicer arietinun 0.069 100 1 1 1 0
STRESS RESPONSE
Gene013 XP_002891955 Earl-responsive to dehydration 2
[Arabidopsis lyrata subsp. lyre 5e-32 91 2 0 0 0
Gene014 ADF30255.1 Heat shock protein [Cucumis sati 1e-20 58 1 0 1 0
Gene015 AAF34134.1 High molecular weight heat shock prc
[Malus x domestica] 3e-34 98 0 0 0 1
Gene016 AAL49788.1 Putative heat shock protein 90 [Arabidsyilsalianz 4e-13 83 0 0 2 1
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TABLE 5.2 (continued)

Number of copies expressed
Name Accession num o Similar sequence from database E-value Max
similar sequence (Putative function) Identity Early Late Early Late
% Unharvest Unharvest harvest harvest
STRESS RESPONSE
Gene017 NP_001077933
1 Ubiquitin fusion degradation 1 [Arabidopsis thala] 9.1 93 1 q [0 1

Gene018 NP_191404.2 | Universal stress protein (USP) family prot

[Arabidopsis thalian 8 e-29 86 1 Q 3 4

DEFENCE

Gene019 AAK15049.1 Asparaginyl endopeptidase [Vigna radi 2 e-20 66 0 1 0 [0
Gene020 NP_172655.1 Aspartic proteinase Al [Arabidopsis thaliana] 4 e-28 77 0 0 0 1
Gene021 ADB03784.1 Catalase [Ipomoea bata 1le-64 84 0 3 Q 3
Gene022 ACF06566.1 Catalase 2 [Elaeis guineen 2 e-45 92 0 1 3 1
Gene023 AAD30292.1 Catalase 3 [Raphanus vus] 5e-57 76 q p. 2 B
Gene024 ADQ39593.1 Class Il chitinase [Malus x domesti 4 e-06 82 3 Q 0 4
Gene025 BAA10929.1 Cytochrome P450 like_TBI Nicotiana tabacum] 8e-49 63 29 58 A5 63
Gene026 ABX79341.1 Cysteine protease [Vitis vinife 4 e-46 81 1 Q ( [0
Gene027 ABK78689.1 Cysteine proteinase inhibitor [Brassica r. 2 e-15 75 0 Q Y. 2
Gene028 CAB01591.1 Endochitinase [Persea Americe 2e-58 77 3 0 Q 2
Gene029 ABY58189.1 End«1,4-D-glucanase [Persea americana] 6 e-48 100 0 0 0 3
Gene030 ACG44564.1 Endopeptidase Clp [Zea mz 4e-28 52 0 0 Q 1
Gene031 NP_00110519.1 | Legumai-like protease [Zea mays] 1e-09 b6 0 1 0 0
Gene032 XP_002527223 | Oligopeptidase A, putative [Ricinus commu 5 e-09 86 0 q 1 [0
Gene033 AAF15308.1 Stearoyl-acyl-carrier-protein desatuff@ssea 9 e-20

americana] 100 0 0 1 1
Gene034 BAK19068.1 Ubiquitin [Ipomoea ni 0.33 100 0 0 1 [t
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5.3.2 Defences related genes induced in unharvestaddd harvested avocado fruit

following C. gloeosporioidesnfection.

Some data from the 454 read sequences of infegtezhdo fruits during assembly did not
map with the 454 read sequences of uninfected deofraits. Comparison of these 454
read sequences of infected avocado fruits sequead8sASTX similarity search against
the NCBI protein database allowed function assigrtneased on the similarities with
known function plant protein sequences. Genes médaifrom these 454 reads are
considered to be induced aftér gloeosporioidesnfection and this chapter focuses on
genes involved in signal transduction, transcriptiefence and stress responses in order to
study the defence mechanism of avocado fruit agaimbiracnose disease and the defence
signalling pathway involved. These groups of gerspcts in unharvested (Table 5.3 and
5.4) and harvested (Table 5.5 and 5.6) infectedadw fruit during early and late responses
are presented. Some of these induced genes invaivednal transduction are calcium-
dependent protein kinase, leucine-rich repeat mn@nsbrane protein kinase, mitogen-
activated protein kinases (MAPK), salicylic acidieated MAP kinase, salicylic acid-
binding protein 2, salicylic acid-induced proteim&se (SIPK), WD-repeat protein and
many others as shown in the tables. Some of gedestified to be involved in
transcriptional activation are bZIP transcripti@agtbr, ethylene-responsive element binding
protein, MYB proteins and WRKY transcription facoiOther induced genes identified,
predicted to be involved in stress and defenceoresgs areuniversal stress protein family
protein, aspartic proteinasgs],3-glucanase$-glucosidases, catalase, cysteine proteinase
inhibitor, endochitinase, programmed cell deatbtgin 5, and others presented in the
Table 5.3 and 5.4 for the unharvested samples raficlle 5.5 and 5.6 for the harvested

samples.
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Table 5.3 Summary of genes induced in unharvested avocaus fturing early response

(pool of 1, 4 and 24h) t6. gloeosporioidesnfection with their putative function.

Accession Max
Name Num Similar Sequence From database (BLASTX) E-value | Identity %
of similar sequence (Putative function)
SIGNAL TRANSDUCTION
Gene00C XP_002532559.1 | Calciun-dependent protein kinase, putative [Ricinus comsjun 8e-25 68
Gene0002 XP_002521983.1 | Calcium ion binding protein, putative [RicinusyomLnis] 9e-21 45
Gene0003 XP_002871973.1 | Kinase family protein [Arabidopsis lyrata subkpata 2e-24 90
Gene0004 NP_172244.2 Leucinw-rich repeat transmembrane protein kinase, putative 3e-09 74
[ Arabidopsis thaliana]
Gene0005| AAF66615.1 LRR receptc-like protein kinase [Nicotiana tabacum] 6e-40 81
Gene0006 BAE46985.1 Mitoger-activated protein kinase [Nicotiana tabacum] le-87 91
Gene0007 ABY58272.1 Serin-threonine protein kinase [Persea americana] 4e1ll 83
Gene0008| AAQ76042.1 Signal recognitioparticle receptor protein [Cucumis sativus] le-10 78
Gene0009 XP_002518444.1 | WC-repeat protein, putative [Ricinus communis] le-39 7 7
TRANSCRIPTION FACTOR
Gene0010 ACF60482.1 bZIP transcription factor [Oryza sativa JaigarGroup 1e-08 57
Gene0011 BAD18011.1 MADS-box transcription factor [Asparagus virgatus] 1%e- 76
Gene0012 AAM63665.1 Transcription factor, putative [Arabidopdisliana 2e-33 89
Gene0013 XP_002524838.1 | WRKY transcription factor, putative [Ricinusnomunis 2e-27 76
STRESS RESPON:!
Gene0014 BAJ11784.1 Dehydration responsive protein [Corchorus dlitg] 0.092 61
Gene0015 XP_002869603.1 | Early-responsive to dehydration 8 [Arabidopsis lyrathsgu lyrata] le-40 95
Gene0016 XP_002514902.1 | Stress associated endoplasmic reticulum propeitative 2e-09 100
[Ricinus communis]
Gene0017 ABD57310.1 Sress-associated protein 1 [Solanum lycopersicum] -1%e 74
DEFENCI
Gene0018 XP_002531635.1 | g-glucosidase, putative [Ricinus communis] le-17 60
Gene0019 AAK15049.1 Asgaraginyl endopeptidase [Vigna radiata] le-41 87
Gene0020 AEE78232.1 bet-D-glucan exohydrolase - like protein 2e-11 52
[Arabidopsis thaliana]
Gene0021 AAD30291.2 Catalase 2 [Raphanus sati 3e-05 70
Gene0022 AAF61733.1 Catalase 3 [Helianthus annt 3e-05 75
Gene0023 ABR19829.1 Cysteine proteinase [Elaeis guineel 8e-53 90
Gene0024 BAB64929.1 Defensirlike protein [Pyrus pyrifolia] 3e-06 55
Gene0025 AAG51234.1 Disease resistance protein Mlputative; 5304-2185 0.014 41
[Arabidopsis thaliana]
Gene0026 CAB01591.1 Endochitinase [Persea americi 6e-49 100
Gene0027 AEE84132.1 Enhanced disease resistance 2 protein [Arabiddhaliane 0.014 51
Gene0028 ACE96388.1 Esterase/lipase/thioesterase [Populus tre 2e-30 100
Gene0029 AAZ94162.1 Enzymatic resistance protein [Glycine n 6e-17 63
Gene0030 AAF97315.1 Lipoxygenase [Arabidopsis thalia 4e-08 72
Gene0031 AAM47598.1 NBS/LRR resistance prot-like protein [Capsicum annuum] 9e-10 65
Gene0032 ABA33845.1 Pathogenesrelated protein 6 [Zea diploperennis] 3e-16 59
Gene0033 NP_001154663.1 | Ribonuclease Il family protein [Arabidopskstiana 8e-06
Gene0034 ABF96384.1 Serine carboxypeptidase family protein, exgee 7e-11 71
[Oryza sativa Japonica Gro
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Table 5.4 Summary of genes induced in unharvested avocaiis fluring late response

(pool of 3, 4, 5 and 7 day post infection)@ogloeosporioidesnfection with their putative

function.
Accession
Name Num of similar Similar Sequence From database (BLASTX) E-value Max
sequence (Putative function) Identity %
SIGNAL TRANSDUCTION

Gene0035 |JACG37954.1 Mitoger-activated protein kinase organizer 1 [Zea mays] -1@¢ 71

Gene0036 |JACM89569.1 Pto kinase interactor [Glycine m 5e-08 90
TRANSCRIPTION FACTOR

Gene0037 |ACM49845.1 Ethylene responsive transcription factor 2aifies salicine 2e-14 68

Gene0038 |BAD18011.1 MADS-box transcription factor [Asparagus virgatus] TR 76

Gene0039 | AAM63665.1 Transcription factor, putative [Arabidopsisliana 2e-33 89
STRESS RESPON

Gene0040 |AAB84193.1 Dormanc-associated protein [Pisum sativum] 0.58 51
DEFENC

Gene0041 |BAJ33502.1 B- glucosidase like protein [Delphinium grandiflorim 9e-34 61

Gene0042 |BAC79443.1 Catalase [Acaa ampliceps] le-24 98

Gene0043 |AAF61733.1 Catalase 3 [Helianthus annt 3e-05 75

Gene0044 | XP 002332294.1 CC-NBS resistance protein [Populus trichocarpa] 9er1ll 58

Gene0045 |NP_567868.1 Endonuclease V family protein [Arabidopsis thaliana] 2e-27 80

Gene0046 | CAH59407.1 Endopeptidase Plantago major] 2e-08 65

Gene0047 |ABZ85667.1 LRF-like disease resistance protein 2e-10 76

[Brassicearapa subsp. pekinensis]

Gene0048 |NP_001154256.1 Metalloendopeptidase [Arabidopsis thali 2.2 54

Gene0049 | AAM47598.1 NBS/LRR resistance protw-like protein [Capsicum annuum] 9e-10 65

Gene0050 |AR25995.. Senescen-associated protein, putative [Pyrus communis] 2e-0 91
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Table 5.5 Summary of genes induced in harvested avocadts fduiring early response
(pool of 1, 4 and 24h) t€. gloeosporioidesnfection with their putative function.

Accession Max
Name Num of similar Similar Sequence From database (BLASTX) E-value | Identity %
sequence (Putative function)
SIGNAL TRANSDUCTION
Gene0051| ABN10955.2 Auxin response factor 8 [I[pomoea] 5e-28 83
Gene0052| XP_002532559.1 Calciun-dependent protein kinase, putative [Ricinus comsjun 8e-25 68
Gene0053| XP_002521983.1 Calcium ion binding protein, putative [Ricinusamunis 9e-21 45
Gene0054| ACM89476.1 Leucinerich repeat family protein / protein kinase fanilsotein 8e-09 65
[Glycine max]
Gene0055( ADD62693.1 Mitoger-activated protein kinase kinase [Capsicum annuum] e-1P 57
Gene0056] NP_188044.1 | 1-phosphatidylinositol-4-phosphate 5-kinase [Aralpisie thaliana] 0.060 80
GeneO0E | AAL40864.1 Receptor protein kina-like protein [Capsicum annuum] 2e-14 84
TRANSCRIPTION FACTOF
Gene0058| AAS68190.1 Myb transcription factor [Vitis vinifer: 6e-27 89
Gene0059| XP_002524838.1] WRKY transcription factor, putative [Ricinus commnis] 2e-27 76
Gene0060| NP_179571.1 Zinc finger (CCCl-type) family protein [Arabidopsis thaliana] 3e-27 77
STRESS RESPON.
Gene0061 ABE79560.1 | Chaperone protein dnaK (heat shock proteir 7e-19 53
[Medicago truncatula]
Gene0062| AAMO00365.1 |Saline responsive OSSRIII protein [Oryza sa 4e-05 77
Gene0063 NP 191404.2 |Universal stress ptein (USP) family protein [Arabidopsis thaliana] e-48 58
Gene0064 BAC84424.1 |Wate-stress protein-like protein [Oryza sativa Japoicaup] le-12 41
DEFENC
Gene0065| ABZ02704.1 | Accelerated cell death 1 [Arabidopsis thal] 2e-06 60
Gene0066 ABG37021.1 | Aspartic protease [Nicotiana tabac 4e-27 70
Gene0067 BAB62890.1 | Aspartic proteinase 1 [Glycine m 3e-26 70
Gene0068 CAI39245.1 | bet-Amylase [Glycine max] 4e-19 74
Gene0069| NP_191763.3 | Catalytic/ hydrolase [Arabidopsis thalia 5e-29 70
Gene0070 CAC81812.1 | Chitinase, putative [Musa acumin: le-35 86
Gene0071| AAL15885.1 |y-Thionin putative [Castanea sativa] 2e-111 50
Gene0072| XP_002527223.1] Oligopeptidase A, pative [Ricinus communis] 4e-29 66
Gene0073| ADP69173.1 Pathogenesis related pro-5 [Populus tomentosa] 3e-14 86
Gene0074| ACE97327.1 | Pectinesterase inhibitor [Populus trem 4e-07 69
Gene0075| AAL35364.1 | Peroxidase [Capsicum annut 2e-09 70
Gene0076] ACG48882.1 | Programmed cell death protein 5 [Zea m le-05 83
Gene0077| AAK59275.1 | Thaumati-like protein [Sambucus nigra] 5e-13 86
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Table 5.6 Summary of genes induced in harvested avocadis fluring late response (pool
of 3, 4, 5 and 7 day post infection) @ gloeosporioidesinfection with their putative

function
Accession Max
Name Num of similar Similar Sequence From database (BLASTX) E-value | Identity %
sequence (Putative function)
SIGNAL TRANSDUCTION
Gene0078 XP_002532559.1 Calciun-dependent protein kinase, putative [Ricinus conmsjun 8e-25 68
Gene0079 BAE46985.1 | Mitogen-activated protein kinase [Nicotiana tabacum] -31e 91
Gene0080 ADD62693.1 | Mitoger-activated protein kinase kinase [Capsicum annuum] e-1P 57
Gene0081 ABJ89812.1 | Salicylic aci-activated MAP kinase [Nicotiana attenuata] 2e-33 4 8
Gene0082 BAC53772.1 | Salicylic aci-induced protein kinase [Nicotiana benthamiana] 32e- 84
Gene0083 NP_175758.2 | Signal peptidase | family protein [Arabidop#ialiana 2e-20 53
Gene0084 AAQ76042.1 | Signal recognition particle receptor proteimfdmis sativus le-10 78
Gene0085 CAA71142.1 | SNF:-related protein kinase [Cucumis sativus] le-23 81
TRANSCRIPTION FACTOR
Gene0086 ADL36656.1 | C3HL domain class transcriptiorctor [Malus x domestica] 3e-27 79
Gene0087 ACMA49845.1 | Ethylene responsive transcription factor 3aifles salicine 2e-14 68
Gene0088 XP_002877726.1 Myb family transcription factor [Arabidopsigrata subsp. lyrate 7e-39 90
STRESS RESPONSE
Gene0089 ABD57310.1 | Stres-associated protein 1 [Solanum lycopersicum] 6e-l7 74
Gene0090 NP_566406.1 Universal stress protein (USP) family protengbidopsis thalian| 3e-26 71
DEFENCE
Gene0091 AAK58515.1 | B-1,3-glucanase-like protein [Olea europaea] 9e-p6 5 7
Gene0092 AEE78232.1 | B -D-glucan exohydrolase - like protein [Arabidopiialiana] 2e-11 52
Gene0093 BAC79443.1 | Catalase [Acacia amplice le-24 98
Gene0094 AAF61733.1 | Catalase 3 [Helianthus annt 3e-05 75
Gene0095 ADQ43720.1 | Chitinase | [Casuarina equisetifo 3e-35 82
Gene0096 CAB01591.1 | Endochitinase [Persea americi 6e-49 100
Gene0097 ABY58190.1 | End«1,4-D-glucanase [Persea americanal de-71 1q
Gene0098 NP_191415.2 | Endonuclease/exonuclease/phosphatase familgig 4e-19 81
[Arabidopsis thalian:
Gene0099 CAH59407.1 | Endopeptidase 1 [Plantago me 2e-08 65
Gene00100 ABZ85667.1 | LRF-like disease resistance protein 2e-10 76
[Brassica rapa subsp. pekiner

Gene00101 | NP_001154256.1 Metalloendopeptidase [Arabidopsis thali: 2.2 54
Gene00102 | XP_002519488.1 Multidrug resistance protein 1, 2, putativediRus communis 2e-19 81
Gene00103 AAM47598.1 | NBS/LRR resistance prot+like protein [Capsicum annuum] 9e-1( 65
Gene00104 ACE97327.1 | Pectinesterase inhibitor [Populus trerr 4e-07 69
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5.3.3 Real Time-PCR

5.3.3.1 Primer design

PCR products from avocado flesh cDNA amplified wdbfence-related gene primers
produced single bands of the desired size betw@@+2@0 bp, depending on the primer sets
used confirming that the sequences obtained frea84 sequencing are those of avocado

fruit (Figure 4.1).

1000

300
200

100

Figure 5.1 PCR products amplified from avocado flds cDNA using specifics primers
separated on 2% non-denaturing agarose gel contaimy EtBr and photographed
under ultraviolet light. L, GeneRuler™ 100 bp DNA Ladder. Lane 1, catald&2bp);
lane 2, endochitinase (186); lane 3, pathogenetased protein 6 (158); lane 4, CC-NBS
resistance protein (185); lane 5, pathogenesiterklarotein 5 (171 bp); lane 6, endo-1,4-D-

glucanase (121) and lane 7, actin gene (166 bp).

5.3.3.2 Quantitative Expression

For verification of the gene expression obtainedmfrthe transcriptome sequencing

analysis, real time PCR (qPCR) was performed ftegcsed genes. Standard curves were
calculated for each of the four genes subjectegPtOR. To generate a standard curve, Ct

values/crossing points of different standard dilns were plotted against the logarithm of
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input amount of standard material (Figure 5.2; &8 5.4). The slope of a standard curve
provided an indication of the efficiency of the Ireme PCR; and from the slope (S),
efficiency was calculated using the following foriauPCR efficiency (%) = 100(13® —

1). Generally, most amplification reactions do mnaiach 100% efficiency due to
experimental limitations or the inaccuracy of pipet of known references (Ginzinger,

2002).

Standard curves reference control Standard curves target control
y =-4.336x +28.039

¢ actingene 35 4 R*=0.9985

40 2
R"=0.9975
Tl 5 [
‘\35; Efficiency:65% \Q‘ efficiency:70.07%
30

s GAPDH ¢ catalase
20
20 7 i endochitinase
i 15 y=-3.862x+23.82

y=-4.379x +29.961

Ct value
-
wv
Ct value

o | VERAIXF23455 —— Linear (actin 10 R=09976 —— Linear
5 - R"=09994 gene) 5 | efficiency:81.25 (catalase)
efficiency:96.18% — Linear 3
b ‘ ‘ ' , ) ' 0 T T 1 1 (endochitinase)
2 -1 0 1 2 3 4 — Linear(GAFDH) 2 0 1 2 3 4
log ng log ng

Figure 5.2. Standard curve for each of the controbenes (target and reference) used
for gPCR. The resulting Ct values for each input amourt@RNA are plotted as a function

of the log concentration of input amounts and adirtrendline is fitted to the data.
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Standard curves unharvested (references)
Day 1 post infection
40

y =-3.1469x +30.164 o actin gene
3 R®=0.9993
efficiency:107.9% GAPDH
E » —Linear (actin
S 20
- gene)
© 157 y=-3.1129x +27.961
10 R®=0.999 ) )
5 efficiency: 109.57% — Linear (GAPDH)
2 1 0 1 2 3 4

log ng

Ct value

Standard curves unharvested (targets)

Day 1 post infection
y=-3.385x +33.334
R?=0.9654
efficiency:97.44

401

¢ catalase

endochitinase

20 y=-3.389x +32.836 — Linear
15 R%=0.959 (catalase)
10 efficiency: 97.28% — Linear
5 (catalase)
— Linear
v ! ! ! ' (endochitinase)
2 1 0 1 2 3 4 ——linear
(endochitinase)
log ng

Standard curves unharvested (references)
Day 3 post infection

40 y=-3.811x +32.159
R’ =0.9818
0 efficiency: 82.98%
w 5 .
t_=v 2 actin gene
>
s 15 GAPDH
10 y=-3.191x +27.036
R?=0.9979 — Linear (actin
5 .
efficiency: 105.76 % gene)
T T T

1 Linear [GAPDH)

-2 -1 0 1 2 3 4

log ng

Standard curves unharvested (targets)
Day 3 post infection
40 y=-3.55x+31.903
R’=09949
efficiency: 91.28%

¢ catalase

endochitinase

2 25
© — Linear
S 20
= (catalase)
c 5 y=-3.807x+30.863 —— linear
10 R? =0.9956 maa lrase)
° efficiency: 83.09% (endochitinase)
T U T T T 1
-2 1 0 1 2 3 4
log ng

Figure 5.3. Standard curve for each of the genesafiget and reference) from
unharvested samples used for qPCRThe resulting Ct values for each input amount of
cDNA are plotted as a function of the log concemdraof input amounts and a linear

trendline is fitted to the data.
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Standard curves harvested (references)
Day 1 post infection

40 y=-3.525x+32.875

Standard curves harvested (targets)
Day 1 post infection
40 y=-3.55x+31.903

log ng

R'=0.9642 R?=0.9949
efficiency: 92.17% efficiency: 91.29%
25 LY 7
g ¢ actingene El 2 ¢ catalase
s 20 s 20 |
S 15 y=-3.3x+27.34 GAFDH S 15 - y=-3.§07x+30.863 endochitinase
10 R =09996 — Linear (actin gene) 10 R*=0.9956 )
B , , | efficiency: 83.09% — Linear
5 efficiency: 101.13% —— Linear (GAPDH) 5 (catalase)
T 0 T T T 1 i) — Linear
2 1 0 1 2 3 4 1 0 1 2 3 4 (catalase)
log ng log ng
Standard curves harvested (references) standard curves harvested (targets)
y=-3.389x +26.119 y=-3.921x +30.608
35 R’ =0.9995 40 R® =0.9949
efficiency: 97.28% efficiency: 79.9%
. ¢ catalase
¢ actingene
é 20 — % endochitinase
> >
- 15 po 15
o © y=-3.5717x +26.295 — linear
10 y=-3.1726x +23.704 —— Linear (actin 10 2
) R"=0.9997 (catalase)
R*=0.9996 gene) 5 i
5 B . . efficiency: 90.57% — linear
efficiency: 106.66 % — Linear (actin 0 : : : )
i 0 T T gene) (endochitinase)
3 -1 0 1 2 3 4
2 -1 0 1 2 3 4 — Linear[GAPDH)

log ng

Figure 5.4. Standard curve for each of the genesafiget and reference) from harvested

samples used for gPCRThe resulting Ct values for each input amount oNéDare

plotted as a function of the log concentrationmgdut amounts and a linear is fitted to the

data.

In order to verify the gene expression observedi5d sequencing analysis, gPCR was
performed for selected genes. Genes were selegottdoh the basis of their putative
function in plant defence and their presence redehly 454 sequencing analysis in at least

two time points. Accordingly, the following genesm® chosen for gPCR: catalase and

endochitinase, which are genes documented to loéviey in defence response.
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An up regulation was observed in the expressiocatdlase in unharvested avocado fruits
infected withC. gloeosporioidesit day 1 and 3 post infection (Figure 5.5 A), altgph the
trend was not shown by the expression ratio nomedlito actin gene at day 3 post
infection. In the harvested avocado fruits, camlss down regulated at day 1 following
infection, but at day 3 an up regulation was obsgm the expression of catalase and this

pattern was confirmed by both expression ratioguife 5.5 B).

Catalase in unharvested fruits

6 -
il 5
4@, i
c 4
-?, B N to actin
%) -
o 3 B N to GAPDH
S 2
(i

Day 0 Day 1 Day 3
A Day post infection
Catalase in harvested fruit

14 +

12 4
9
§ 10 A
5 8 N to actin
2 6 - B N to GAPDH
(O]
S 4
X
] 5 |

04 e S ;
Day 0 Day 1 Day 3

B Day post infection

Figure 5.5. Relative gene expression level of caak in unharvested and harvested
avocado at 0, 1 and 3 day following. gloeosporioides infection, quantified using the
Roche Light cycler 1.5 Expression is given in terms of a calibrator artbr bar is

standard error of means, with n= 2 for each dabatpo
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Endochitinase was down regulated in unharvestedcaa fruits infected withC.
gloeosporioidesat day 1 (Figure 5.6 A), but at day 3 an up retgutaof endochitinase
expression was observed and this pattern was ooedirby both expression ratios. A
similar pattern was observed for endochitinase esgon in harvested avocado at 1 and 3

day following infection (Figure 5.6 B).

Endochitinase in unharvested fruit
4 .
3.5 1
2 34
©
= 25 -
g 2 | B N to actin
@ B N to GAPDH
o 1.5 A
g 1
Ll
0.5 -
Day O Day 1 Day 3
A Day post infection
Endochitinase in harvested fruits
3.5
3 i
=
§ 2.5+
= 2 F N to actin
°
g 15 E N to GAPDH
s 14
o
Day 0 Day 1 Day 3
Day post infection

Figure 5.6. Relative gene expression level of endmtnase in unharvested and
harvested avocado at 0, 1 and 3 days followir@ gloeosporioides infection, quantified
using the Roche Light cycler 1.5Expression is given in terms of a calibrator anar bar

is standard error of means, with n= 2 for each gatat.
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5.3.3.3 Gel electrophoresis of the gPCR products

The products obtained from the qPCR of each ofdbeselected genes, were separated by
electrophoresis then visualised on 2 % agaroséogaisure that single transcripts products

were obtained, and to verify LightCycler meltingneel analyses that indicated that gPCR

reactions were free of primer dimmers (Figure 5.7).

200 —™
100 —

Figure 5.7. gPCR products amplified from harvestedinfected avocado flesh cDNA
using specifics primers separated on 2 % non-denating agarose gel containing EtBr
and photographed under ultraviolet light. L, GeneRuler™ 100 bp DNA Ladder. Lane 1,
actin gene (166bp); lane 2, GAPDH (186); lane Balaae (122 bp); lane 4, endochitinase

(186); lane 5, water; lane 7, non template control.
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5.5 DISCUSSION

Plant disease problems are becoming more externseeause of the development of
pathogen resistance to fungicides and the withdrafv@esticides due to environmental
pollution. Plants have evolved their own powerfafahce mechanisms to prevent and limit
disease on developing fruit. These include biockahmnd physical barriers to pathogen
invasion, which could be constitutive or inducible nature (Agrios, 2005). Many
investigations have been done to understand imesistance mechanisms in plants. The
parallel focus on molecular biology in the last fg@ars has improved our understanding of
plant-pathogen interactions through the identifamabf a number of endogenous resistance
genes and analysis of signalling pathways leadmmght hypersensitive response and
systemic acquired resistance. This breakthroughehabled more sophisticated breeding
strategies in commercial cultivars to be employsihg marker-assisted breeding (Ayliffe
and Lagudah, 2004). Within this context this stwdys carried out to understand the
molecular basis of resistance which is activatepreand harvested avocado fruit duriig

gloeosporioidesnfection.

The recognition of a pathogen by a plant triggefgd defence responses by a number of
signal transduction pathways (Rushton and Soms&@®3; Barakaet al, 2009). In this
study many genes were identified to be potentialplved in signal transduction and these
include mitogen-activated protein kinases (MAPK3licylic acid-induced protein kinase
(SIPK), salicylic acid-activated MAP kinase, salicyacid-binding protein 2, calcium-
dependent protein kinase, leucine-rich repeat mnansbrane protein kinase, calcium-
dependent protein kinase, WD-repeat protein, amastgers (Tables 5.2; 5.3; 5.4; 5.5 and

5.6). Previous studies revealed that MAPKs are afnihe key regulators of the defence
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signalling pathways and its activation is one of darliest responses in plants challenged
by pathogens. The MAPK signalling cascade has beparted to be one of the major
pathways by which extra cellular stimuli are tramsebl into intracellular responses (Kovtun
et al, 2000; Zhang and Klessig, 2001). In agreemertt tiese previous findings, we also
identified MAPK, which could be induced as a resaftthe early response of both
unharvested and harvested avocado fruits. tgloeosporioidesttack in order to trigger the
defence mechanism. It has been also shown tha &&HFAnvolved in plant defence
signalling and is induced by pathogens, pathogevatt elicitors, wounding and oxidative
stresses (Samuel and Ellis, 2002). In addition ghand Klessig (2001) and others
researchers found that activation of two MAPKSs, nainduced protein kinase (WIPK)
and SIPK, is one of the earliest responses thatrocctobacco plants challenged with
Tobacco Mosaic Virus (TMVpr tobacco suspension cells treated with fungaitils or

tobacco that has been wounded (Zhang and Kle€3td,; Sharmat al, 2003).

Salicylic acid-binding protein 2 (SABP2), a lipaselonging to thex / B fold hydrolase
super family, was identified in harvested avocadit some days post infection (Table 5.2).
A salicylic acid (SA) receptor is required for thiant immune response reported by Kumar
and Klessig (2003). They further proposed that SABEBlongs to a large class of ligand-
stimulated hydrolases involved in stress hormondiated signal transduction.
Furthermore, SABP2 displays SA-stimulated enzymadtiivity and its high affinity with
SA indicates that it might be a receptor for SAisThypothesis is supported by the study
done by Gaffney et al (1993), showing that in tggmsc tobacco plants effectively silenced
for SABP2 and harbouring a bacterial gene encosiatigylate hydroxylase, which converts
salicylic acid to catechol, the ability of SA todurce pathogenesis related protein-1 was

reduced which resulted in the reduction in locaistance, and inability to induce acquired
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resistance against TMV. This loss of SA respomsge was similar to the phenotype of
SA-insensitive systemic acquired resistance (SAd¢aive observed in sonfgabidopsis
thaliana mutants by Shah et al (1997). Based on the expresdi SIPK and SABP2 in
infected avocado fruit (Tables 5.2 and 5.6) anagating to the results of previous findings,
we propose that SA would have been synthesizethjogm important signalling role in the
activation of avocado fruit defence responses Wahg C. gloeosporioidesnfection. Many
investigations have demonstrated that SA is a lgnakfor the activation of both local and
systemic resistance responses. For instance tobacdoArabidopsis plants failed to
develop SAR and display enhanced susceptibilitgathogen infection because they were
SA deficient or were unable to accumulate SA aiftéection (Dong, 2001; Kunkel and
Brooks, 2002). SA functions as a secondary sigoldwing pathogen infection to trigger
the expression of many pathogen-responsive genesh{& and Somssich, 1998). The cell
nucleus is a major target of signal transductioheme the terminal signals result to the
transcriptional activation of several genes andnaatobial compounds involved in the

plant defence system.

Transcriptional activation of genes is a cruciat ph the plants defence mechanism against
pathogens. In infected avocado fruit many transiompfactors have been differentially
expressed during interaction between avocado fod C. gloeosporioides Ethylene-
responsive element binding protein (EREBP) was tifled in infected unharvested
avocado fruits during early and late response anlarvested avocado fruit during early
response (Table 5.2). EREBP was identified flarabidopsis thalianand other plants as
a homeobox gene that encodes a transcription factgrlants it is responsible in part for
mediating the response to the plant hormone etey{Brechmann and Meyerowitz, 1998;

Bittner and Singh, 1998). Plant ethylene seemslayp @ crucial role in different plant
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disease resistance pathways. It has been showduhag plant-pathogen interactions the
rate of the biosynthesis of ethylene increasesdhapand afterward ethylene induces
transcription of some defence related genes suctiass3-1,3-glucanase and chitinase
class | (Vogeliet d., 1988; Wanget al, 2002). The ethylene-responsive element known as
the GCC box (AGCCGCC) is commonly found in the poten region of ethylene-
inducible pathogenesis-related protein genes. TB& ®ox interacts with the ethylene
responsive element binding factor which was shawet the transcription factor that reacts
to extracellular signals in order to modulate GGix-mediated gene expression whether
positively or negatively (Ohme-Takagt al, 2000). On the basis of these observations,

ethylene seems to be involved in avocado deferstersyagainsC. gloeosporioides

Basic region/leucine zipper motif (bZIP) transaopt factors were also identified in
unharvested avocado fruits during early responsablél 5.3) and MYB proteins in
harvested avocado fruits during early and late aesp (Table 5.5 and 5.6). bZIP
transcription factors and MYB proteins were pregigureported to play a role in the
regulation of pathogens’ defence response in plé@lakobyet al, 2002; Vailleauet al,
2002). The first evidence for the involvement otlsgenes in plant-microbe interactions
revealed that a tobacco MYB gene is induced ipaese to (TMV) infection and to bind
to a consensus MYB recognition sequence found pmoanoter of the defence gene PR1
(Yang and Klessig, 1996). Moreover during the vérgt steps of the hypersensitive
response followingArabidopsis thalianainfection by the avirulent strain 147 of
Xanthomonas campestiy. CampestrisArabidopsis thalianaMYB30was isolated on the
basis of its rapid, specific, and transient traipdicnal activation. It was also shown that
MYB30 increases resistance against a biotrophigdupathogenCercospora nicotianae

and different bacterial pathogens (Vaillegtual, 2002). Likewise it has been reported that

179



TGA family of transcription factors which belongttee class of bZIP factors bind to the-

1 ciselement which are SA-responsive cis elements presdhe promoters of immediate
early and late SA-inducible genes such as pathegenelated genes ( Zhat al, 2000;
Thurow et al, 2005). In addition it was also shown tharabidopsis thaliana
bZIP57/OBF4/TGA4 interacts withArabidopsis thalianaethylene-responsive element
binding protein which binds the ethylene responisenent present in the promoters of
various pathogenesis-proteins indicating that tipesteins might be involved in SA and ET
signalling pathways in response to pathogen irdacButtner and Singh, 1997). So, due to
the presence of salicylic acid-activated MAP kinaSHPK, SABP2, EREBP and bZIP in
infected avocado fruits, it can be proposed thattetlis a synergistic action between SA and

ET pathways in avocado fruit during respons€tgloeosporioidesnfection.

During early response tG. gloeosporioidesnfection in both unharvested and harvested
avocado fruits, WRKY transcription factors wereoaiisduced (Table 5.3 and 5.5.). WRKY
transcription factors have been shown previouslyeigulate the transcription of a wide
range of genes involved in plant defence durindyeasponse to a pathogen attack (Moon
and Domier, 2005). The WRKY domain, a 60 amino a&dion, is defined by the
conserved amino-acid sequence WRKYGQK and a zimgeftlike-motif, and it has been
reported that WRKY proteins bind to the W box, whis found in the promoters of various
plant defence genes (Maleek al, 2000). A number of studies have shown that WRKY
proteins from many plants are rapidly enhanced tange of pathogens, pathogen elicitors,
or treatment SA (Chen and Chen, 2000; Delktgal, 2000; Eulgenet al, 2000; Kimet

al., 2000; Kaldeet al, 2003). For instance the expression profiled@bidopsisSWRKY
gene showed that 49 out of the ABVRKYgenes analyzed were differentially regulated in

response to SA treatment or infection by a badtgr@hogen (Donget al, 2003). In
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accordance to these previous findings, it can lopgeed that WRKY proteins may have

regulatory functions in avocado fruit respons€tgloeosporioidesnfection.

In this study, accelerated cell death 1 and progradcell death protein 5 were identified
to be expressed in infected harvested avocados fduting early response (Table 5.5).
These genes are known to be involved in the hypsithee response (HR) (Tanak# al,
2003; Kotbet al, 2005). HR is regarded as one of the mechanised by plants, to restrict
the spread of infection by microbial pathogenstteepparts of the plant (Kwang-Hyureg

al., 2004), and it involves a complex form of prograed cell death as well (Greenberg and
Yao, 2004). The early step in the HR is the ioxdlsimanifested by an increase in cytosolic
calcium which precedes and seems necessary fordgymative cell death induced by rust
fungi (Xu and Heath, 1998). The presence of caletl@pendent protein kinase and calcium
ion binding protein in the infected harvested adackuits during early response may have
an implication in the HR activation, but furthew@stigations would be needed to ascertain
whether HR is involved or not in avocado resistamechanism to anthracnose disease . At
the early stage of a plant's defence responsepxigative burst occurs leading to a rapid
and transient production of large amounts of rgactixygen species (ROS) at the site of
infection (Barneet al, 2003). Because of this some antioxidant genestiited in infected
avocado fruits such as catalase and peroxidasesaggvated following the oxidative burst
in areas around the site of infection in order toimise damage of healthy tissue by the
ROS (Palatniket al, 2002). It has been shown that during infectidnstbawberry by
Colletotrichum acutatumgenes Fahir-1, Falprl0-1, Fapr5-1 and Fapr5-2ingodor
hypersensitive response protein were expressedads gb the early mechanism of
strawberry defence (Casadda et al, 2006). Besides the role of limiting pathogen

invasion in the plant, hypersensitive cell deatls lb@en suggested to have additional
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contributions to defence. This consists of releasignals that condition adjacent cells to
become responsive to pathogen elicitors and thggetr the systemic resistance throughout

the plant (Park, 2005).

Systemic acquired resistance (SAR) is an imporbaonad-spectrum, long-lasting, plant
defence response that protects the whole plantnsig@ubsequent infection. SAR is
characterised by a higher induction of several $&Re products with direct antimicrobial
activity or closely related to classes of antimimab proteins. In infected avocado fruits
many of these SAR gene products were identifieco@oexpressed in response @
gloeosporioides According to previous discoveries some of thosenidied genes are:
pathogenesis-related proteins (PR5 and PR 6) andradation of defence genes suclpas
1-3-glucanases and chitinases (Plyn&tlal, 2007), genes encoding cysteine-rich proteins
related to thaumatin (Linthorst, 1991), defensirRIR) (Tiryaki and Tunaz, 2004),
ribonuclease Il family protein (PR10)thionin (PR 13) and peroxidase (PR 9) (Van Loon
and Van Strien, 1999). Hu and Reddy (1997) havevshthat thaumatin expressed in
infected avocado fruit is induced by the preseridargi and pathogenic molds. In addition
Menu-Bouaouicheet al (2003) demonstrated that in some cases theioracdgainst
pathogens has been related to efdg3-glucanase activity and to the inhibiting pnajes

of amylase, also identified in this study in hateesinfected avocado fruits during early
response (Table 5.5). Most pathogenesis-relatetkipsoidentified in infected avocado
fruits display antimicrobial and antifungal propestrelated to the destruction of pathogen
structures. qPCR revealed that endochitinase wdsced in both unharvested and
harvested avocado fruits at day 3 followi@g gloeosporioidednfection. Some findings
have demonstrated that in most higher fungi, glabf3-glucanases and chitinase attack the

components of the cell walls such &4,3-glucans and chitin (Van Loon and Van Strien,
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1999; Odjakova and Hadjiivanova, 2001; Selitrenffik2001). Antifungal activitiesn
vitro of plant B-1,3-glucanases and chitinase have been studidd wartious bioassays
which confirmed the synergistic effects of theseo tiwdrolytic enzymes in tobacco
challenged with the fungulrichoderma viridg(Stintziet al, 1993). Therefore, in line with
theses previous findings, avocado frgifL,3-glucanases and chitinase could be a tool in
weakening and decomposing ©f gloeosporioidegell walls containing-1,3-glucans and
chitin. Other studies revealed thgtl,3-glucanases and chitinase are able to partially
degrade fungal cell walls to release oligosacclearmhich some have been shown to be
perceived by the plant cell as elicitors that leathe induction of active defence response
(Stintzi et al, 1993; Edreva, 2005). PR-5 type thaumatin, PRyp2 defensiny-thionin
(PR 13) (Hammond-Kosack and Jones 2000) identifledvocado have been shown to
exhibit antifungal and antibacterial activitiesgetng their action at the level of the plasma
membrane of the target pathogen. Their plasma nmamekpermeabilizing ability leads to
the plasmolysis and damage of fungal or bacteatiigggens by inhibiting their growth and
development (Broekaeet al, 1997). Likewise, Lagrimini et al. (1987) repattearlier that
the peroxidase activity of PR-9 also expressedfiecied avocado fruit (Table 5.5) could
participate to an ultra fortification and rigidiiton of plant cell wall in response to
pathogen infection. Moreover, it was demonstraked increase in SA levels stimulates the
expression of PR proteins (Wagtal, 1991; Uknegt al, 1992). Ward et al (1991) showed
that in tobacco, SA stimulates the expression ef $ame PR proteins produced after
tobacco mosaic virus infection. Uknes et al. (198Bp showed that PR-5 arfdl,3-

glucanases are genes regulated by salicylic acid.

Sequence analysis of avocado fruit cDNA respon®ve. gloeosporioidesnfection also

revealed genes with homology to genes conferrirsistace in various plant species,
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against a large spectrum of pathogens such as NRBBSAesistance protein-like protein,
CC-NBS resistance protein, catalase, endopeptidasgartic proteinase Al, cysteine
protease, cysteine proteinase inhibitor, legunikeproteasep-glucosidasep -D-glucan
exohydrolase, enhanced disease resistance 2 prosterase/lipase/thioesterase,
lipoxygenase, pectinesterase inhibitor, diseasestaese protein MLO. The genes that
encode NBS-LRR proteins constitute the largest modt diverse family of resistance
genes in plants (Wroblewslet al, 2007). This family of plant resistance genes are
hypothesised to function in a classical gene-faregateraction in which pathogen elicitors
are recognised by the C-terminal LRR receptor regaod a hypersensitivity response

leading to resistance is activated (Dangl and J8A64, Nimchulet al, 2003).

In this study qPCR showed that catalase was uplateglin unharvested avocado fruits
infected with C. gloeosporioidesat day 1 and 3 post infection (Figure 5.5A). Ire th
harvested avocado fruits, catalase was down reglleat day 1 following C.
gloeosporioidesnfection, but at day 3 catalase expression wasegplated (Figure 5.5 B).
The expression levels of catalase observed usi@Rg®ere similar to the expression
observed during quantification (transcript assemblyd analysis) using Roche 454
technology. The induction of catalase which degsdd®, into water and oxygen is most
probably related to the oxidative burst which iscasated with the antioxidant defence
system of plants. It was shown that catalases m@agsicial role in plant defence, aging,
senescence and their activity is influenced by roitg@ortant factors such as SA and nitric
oxide (Yang and Poovaiah, 2001). Previously theytf Clarket al. (2000) demonstrated
that together with ascorbate peroxidase, catakdgavblved in the modulation of J@,
which acts downstream of SA as a second messeagéhd activation of plant defence

responses. Subsequently during the characterisatidnexpression study of two catalase
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genes from peach, it was found that indeed catg&ses an important role in the plant
signal transduction pathway which leads to the libgreent of SAR (Bagnolet al, 2004).

The induction of catalase in infected avocado $rutay suggest that the oxidative burst
was initiated. In addition it can be proposed tbatalase was highly expressed in the
infected avocado fruits to neutralize the extraelaef H,O, which could lead to the damage

of healthy cells.

B-glucosidases identified in infected avocado fraits members of the family 1 glycoside
hydrolases which catalyze the hydrolysis of tReglucosidic bond between two
carbohydrate moietieg-glucosidases were shown by Escamilla-Trevino .e28106) to be
involved in the formation of intermediates in callll lignification. They also play an
important role in plant defence by activating sochemical defence compounds such as
cyanogenic glucosides, benzoxazinoid glucosidesnacosides and glucosinolates (Halkier
and Gershenzon, 2006). Many plant defence compowamesstored in a non-active
glucosylated form and are bioactivated via hydislygsg the glucosidic linkage catalyzed by
B-glucosidases during pathogen attack (Mogdrdl, 2008). For instance it has been shown
that B-glucosidases cleaved hydroxamic acid glucosidelease a toxic unstable aglucone
which is decomposed to the reactive benzoxaxolimdoric to invading pathogens (Nikus

et al, 2001).

Aspartic proteinases, also identified in infectedaado fruits (Tables 5.2 and 5.5), belong
to the class of endopeptidases that exhibit antohial activity and are induced by both

abiotic and biotic stress (Guevaed al, 2002) and have thus been involved in plant
defence. A previous study showed that in potattivauk, aspartic proteinase is induced in

response toPhytophthora infestansnfection (Guevaraet al, 2005). Plant cysteine
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proteases identified in avocado fruits (Table 5@ &.3) were also shown to be involved in
signalling pathways and in the response to biottt @biotic stresses (Grudkowska and
Zagdaska, 2005; Salast al, 2008). Cysteine proteinase inhibitor is alsouret in a
plant’s response to the invasion of pathogensderoto irreversibly inactivate the pathogen
proteinases. In fact many plant pathogens prodetigeaextracellular enzymes such as
polygalacturonases, pectolyases and xylanasegldnatain important role in pathogenesis.
For instance it was demonstrated that an activeegse is secreted by the phytopathogenic
fungus Colletotrichum lindemithianunwhen grown on plant cell walls or on artificial
nutrient medium (Valueva and Mosolov, 2004). Likegvpectinesterase inhibitor identified
in harvested avocado fruits during early responkable5.5) besides their role in the
regulation of fruit growth and cell wall extensiaprobably involved in the fruit defence
mechanism against pathogens by inhibiting microlpakthogen pectinesterase/pectin

methylesterases (Camardedfzal.,, 2001).

In unharvested avocado fruits during early respofi@ble5.3), sequence analysis also
revealed the expression of lipoxygenase which lees ieported in several species to be
induced during plant-pathogen interaction (Portd &ocha-Sosa, 2002). Its function in
plant defence system seems to be related to thihesya of a number of compounds
involved in signalling functions (Creelman and M#j11997), with antimicrobial activity
(Croft et al, 1993; Weberet al, 1999), or to the development of the hyperserssiti
response (Rustérucet al, 1999). It was shown in tobacco that lipoxygesas® induced
earlier upon infection bi?hytophthora parasiticaar nicotianae(Rancéet al,, 1998).

Many others genes involved in stress response aks@ expressed in avocado fruits

following infection with C. gloeosporioides During stress, avocado fruit adapts its
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metabolism and activates a large variety of phggickhl and biochemical changes to

protect its cells.

Responses in unharvested versus harvested fruits

Most of the defence-related genes identified wer@essed in unharvested avocado fruits,
which could also explain why they developed onlyhoni anthracnose symptoms. This
observation was also made by Marimani (2011) whaitaced the levels of antifungal
diene and triene compounds ((Z, Z)-1-acetoxy-2-byg4-oxo-heneicosa-12,15-diene and
(Z, Z, E)-l-acetoxy-2-hydroxy-4-oxo-heneicosa-51B2triene) and observed a rapid
increase in these compounds 1-2 days after inocnlaf both harvested and unharvested
Fuerte fruits withC. gloeosporioide240 days after fruit set, followed by a declinghv 7
days to uninoculated control or below control lsydlowever, levels in unharvested fruit
were higher (Marimani 2011). Previous studies (Rywet al, 1990; Pruskyet al, 1991a;
Pruskyet al, 1991b; Domerguet al, 2000) have implicated these preformed antifungal
compounds in the resistance of Fuerte avocado rigafuattack in unripe fruit and the
development of quiescent infections. The levehafse compounds is regulated either by its
enhanced synthesis or by the inhibition of its kdeavn. In the present study, the enzyme
lipoxygenase, which was expressed in unharvestets fduring the early response to the
fungal attack, is involved in catalysing the melam of the diene which leads to an
increase in its levels (Prusky and Keen 1993). dditeon, stearoyl-acyl-carrier-protein
desaturase expressed in the infected fruits (Tal#¢ is involved in diene biosynthesis
primarily by increasing the level of diene precussowhich can be converted into the
antifungal diene (Leikin-Frenkel and Prusky, 198&di et al, 2003). In the biosynthesis
of diene, the desaturation step is also cruciatifercreation of the multiple double bonds in

the diene and triene compounds (Matal, 2003). These authors have demonstrated that

187



induction of desaturases, such as stearoyl-acylecagrotein desaturase and lipid
desaturation are an early component of the arrgyasft responses involved with defence
againstC. gloeosporioidesOur study has confirmed the activation of the emey involved

with the biosynthesis of antifungal compounds in@do, at the nucleotide level.

In conclusion, 454 sequencing and analysis of al@dauits transcriptome and gPCR
brought elucidation in the understanding of the eunolar basis of defence response
mechanisms and signalling networks activated incagto fruit duringC. gloeosporioides
infection. Results of this study have given infotima on the genes involved in defence
response and some defence signalling moleculesasu&A and ET indicating that there is
likely to be a synergistic action between SA and f&thways in avocado fruit during
response t&. gloeosporioidesnfection. These findings yielded a first insighito many of
the genes expressed in this plant-pathogen intemaett the molecular level and could
contribute to the design of effective disease mammnt strategies to improve the

resistance of avocado varieties to anthracnosashkse
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CONCLUSIONS



6.1 Importance of this study
This final chapter highlights the major resultglo investigation and future investigations

that could be attempted as a direct result ofgtudy.

The anthracnose pathogénh gloeosporioidess a major cause of disease in the avocado
industry, causing significant economic losses, #mel fruit of the Fuerte cultivar is
particularly susceptible. Identification of gerdifferentially expressed in avocado during
infection with C. gloeosporioidesepresents an important step towards understaridang
plants defence responses and would assist in diegigppropriate intervention strategies.
To date, very little research and resources hawn liented towards understanding
mechanisms governing avocado fruit response toalupgrasiticattack. The research
outlined in this thesis revealed that avocado fisiidble to respond tG. gloeosporioides
infection by exhibiting a sophisticated moleculgstem for pathogen recognition and by
activating structural and biochemical defence mema. This research represents a very
comprehensive analysis of the up- and down-reguiabf defence, and other genes
involved in aspects of general metabolism, in thecado fruit when challenged with a
fungal parasiteAs such it makes a considerable contribution togéeetic data base of
non-model but important crop plants and enhanced umglerstanding of the defence
mechanisms and signalling networks involved in plasponses to microbial attack. The
ESTs obtained constitute an important resourceigngsts involved in understanding the
molecular basis of resistance in economically irtgrdrplants and could contribute to the
design of effective alternative disease managersaategies at a time when there is
powerful movement away from continued use of ageadhals for disease prevention. For
instance, molecular markers for anthracnose resistaggenes could be used in plant

breeding to produce more anthracnose resistantadweocultivars. The results of the study
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provide a basal gene expression model system vadoigld be used to underpin future gene

expression studies involving infection of avocadetfby other fungal parasites.

6.2 Conclusions

The major conclusions arising from each objectivthis study are given as follows:

The first study undertaken was to assess the @&ffigi of the infection ofC.
gloeosporioide®n pre and post-harvest Fuerte avocado fruit arwbmfirm the identity of
the fungus. After fruit inoculation with the fungumthracnose symptoms were observed in
both unharvested and harvested fruits from day 3ougday 7 post inoculation. In both
experiments, the confocal laser scanning microscae: the scanning electron microscope
showed that ellipsoid spores characteristi€ogloeosporioidesvere first observed on the
inoculated fruit surfaces, followed by fungal hyphavajor infection symptoms were
expressed in harvested fruits contrary to the wasaed fruits which presented few
symptoms probably due to their high concentratimnantifungal compounds as suggested
in previous studies (Pruskst al, 1990; Domerguest al, 2000; Marimani, 2011). The
upregulation of the genes for stearoyl-acyl-carpeatein desaturase and lipoxygenase
involved in the biosynthesis of the antifungal campds was observed in harvested fruit

which confirms the synthesis of these compoundiseahucleotide level. .

The second objective of this study was to optiniR2A isolation from the skin and flesh
of avocado fruit for subsequent complementary DNBNA) transcription. An optimized
modified cetyltrimethylammonium bromide (CTAB)-bdsBNA extraction protocol that
allowed effective extraction of high-quality tof@NA from the skin and flesh of the fruit

without the use of phenol was developed. Total Riained from this procedure was of
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high quality and was undegraded and was succegsigkd for cDNA synthesis. The
publication arising from this study is a first pishbled report of effective total RNA

extraction from avocado fruit.

Thirdly, the next investigation was the first trangtome analysis of avocado fruit
following infection with C. gloeosporioidesThe whole uninfected and infected avocado
fruits transcriptome was sequenced using high-tiinput 454 sequencing to determine
several candidate genes which are differentiallpressed in avocado as a result®f
gloeosporioidegnfection The single sequencing run produced 215 781 r&ads the
transcriptome, with an average sequence lengttb@f300 nucleotides. A total of 70.6
MB of sequence data were generated and subjectBHAST searches, from which about
1500 avocado genes encoding proteins functioningignal transduction, transcriptional
control, defence, stress, oxidative burst, metahglitransportation processes and some

genes with unknown functions were identified.

The final investigation of this study focuses oa ttientification of some avocado defence
related genes differentially expressed in avocaahing infection withC. gloeosporioides
which was a crucial step towards understanding diseasstarce mechanisms in Fuerte
avocado fruit. Salicylic acid and ethylene whicte avell known defence signalling
molecules were identified to be involved in thensijng networks activated in avocado
fruit during infection. Subsequently, quantitative real-time P@&s employed to validate
the gene expression profiles that had been domg lsbinformatics tools. The expression
of actin gene, GAPDH, catalase and endochitinase mvaasured. Then the expression

profiles of these candidate resistance g€hagoeosporioideat day 1 and 3 post infection
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revealed that they were differentially expresse@rainfection in avocado fruits when

compared to the uninfected sample.

6.3. A model of resistance/susceptibility for Fued avocado in response tdC.

gloeosporioides attack

A hypothetical mechanism of how avocado fruit reagainsC. gloeosporioidefection

is summarized in Figure 6.1, based on the expresdiey genes identified and predicted
previously to be involved in plant defence respotsgathogen attack. Avocado fruits
defend themselves agairSt gloeosporioide®y a combination of structural and chemical
defences. Avocado defence reaction was initiatethbyecognition o€C. gloeosporioides
The expression of LRR receptor-like protein kinasel LRR transmembrane protein
kinase in the infected avocado fruits during eaglsponse, show that pathogen-associated
molecular factors were released By gloeosporioideso bind to some host receptors. In
addition, signal recognition particle receptor pinf mitogen activated protein kinase,
salicylic induce protein kinase and salicylic aaittivated MAP kinase, demonstrated
previously to function downstream of receptorsensors after pathogen recognition, were
expressed in the avocado fruits during early atel lasponse (Madhani and Fink, 1998;
Dangl and Jone®001; Zhang and Klessig, 2001). These genes shawwrttavocado fruits,
MAPK cascades form an important link that transdua@xtracellular stimuli into
intracellular responses from extracellular receptas seen in others plants (Inne, 2001,
Zhang and Klessig, 2001). In addition MAPK is alswolved in the activation of SIPK
during plant response to a pathogen infection.ine Wwith previous studies, successful
pathogen recognition also leads to a productioreattive oxygen species (ROS), mainly

H,O, (Low and Merida, 1996; Mullineaugt al, 2000; Neillet al, 2001). Some genes
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expressed during early response in infected avofrads such as peroxidase are known to
be involved in the oxidative burst. So at the eathge of avocado defence response, the
production of ROS occurs at the site of infectiorattivate the overall defensive response
system such as lignification or cell wall strengtimg, hypersensitive response and defence
gene activation as seen in others plants (Wojtask@87; McDowell and Dangl, 2000).
The up regulation of cytochrome P450 monoxygenasasved in the lignin biosynthesis
showed that lignification is one of the physicalam&nism used by avocado to react against
C. gloeosporioidesinfection In addition ion fluxes also occur following patlerg
recognition to activate the defence response. kpeession of calcium-dependent protein
kinase and calcium ion binding protein in infecabcado fruits during early response
show that C& may play a signal function downstream of the otii@aburst in the
stimulation of avocado defence response as denabedtpreviously in soybean (Levine,

1996).

Salicylic acid-binding protein 2 (SABP2) and etimgeresponsive element binding protein
expressed in infected avocado fruits are salicgtil (SA) and ethylene (ET) receptors,
respectively, which are required for the plant inmauresponse (Riechmann and
Meyerowitz, 1998; Kumar and Klessig, 2003). Knowihg function of SA and ET in the

plant defence response, they were synthesizeddotéd avocado fruit to play an important
signalling role in the activation of the defencecimism as shown previously in other
plants (Dong, 2001). ROS occurred at the site fafction in avocado to act synergistically
with SA in a signal transduction to trigger andaeish the systemic defences (Draper,

1997).
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Based on the expression of various genes predictedcode for transcription factors such
as ethylene responsive transcription factor 3a, Msdieins, WRKY transcription factor,
MADS-box transcription factor, C3HL domain classanscription factor and bZIP
transcription factor, it could be concluded thanscriptional activation of several defence
related genes occurs in avocado fruit followinghaigransduction. During plant-pathogen
interactions ET induces transcription of some dedemelated genes such fsl, 3-

glucanase and chitinase class | (Vogeld., 1988; Wanget al, 2002).

Following C. gloeosporioidesrecognition by avocado, signal transduction and
transcriptional activation which occurred led te thefence activation which resulted in the
production of various avocado defence genes dueady and late response 0.
gloeosporioides Some of those genes are known to be involvedumgdl cell wall
degradation such a$i-1, 3-glucanase and chitinase (Edreva, 2005); rethe the
degradation of pathogen proteins such as: cysteioteinase inhibitor, pectinesterase
inhibitor, cysteine protease, aspartic proteinasggjopeptidase and oligopeptidase A
(Guevaraet al, 2002; Camardellat al, 2001; Wroblewsket al, 2007). Other resistant
genes identified in infected avocado fruits durgagly and late response have been shown
to exhibit antifungal activities: these include lpagenesis-related proteins (PR5 and PR 6)
(Plymaleet al, 2007), defensin (PR12) (Tiryaki and Tunaz, 200dbpnuclease Il family
protein (PR10)y-thionin (PR 13) and peroxidase (PR 9) (Van Lood ®&an Strien, 1999),
NBS/LRR resistance protein-like protein, CC-NBSistsice protein (Wroblewslat al,
2007), catalase (Yang and Poovaiah, 20@-blucosidase (Halkier and Gershenzon, 2006),
disease resistance protein MLO, enhanced diseassistace 2 protein,
esterase/lipase/thioesterase, and lipoxygenasec¢riral, 1998). SA was shown to be

involved in the regulation of some of these defegeres like PR-5 anfgl1,3-glucanases
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(Uknes et al, 1992). SA and ET are involved in the activatioh avocado defence

responses followin@. gloeosporioideattack by playing an important signalling role.

Colletotrichum gloeosporioides infection

A
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Spore Germ tube  Appressorium
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OXIDATIVE BURST
ROS PRODUCTION
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TRANSCRIPTIONAL
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Mvb. bZIP. WRKY transcriotion

LIGNIFICATION

Figure 6.1. Overview of the mechanism response o¥@cado fruit to C. gloeosporioides

attack.
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6.4 Gene expression in unharvested versus harvestedit

An important aspect of the experimental desigrhefdtudy was to include both harvested
and unharvested samples. Both unharvested andshedvavocado fruits react quickly to
C. gloeosporioidesattack by expressing a large spectrum of resistgeaes most of which
were expressed during early response to the fungbsth fruits (Table 6.1). However,
there is not a strong overlap in the suites of gengressed in harvested and unharvested
fruits, and in the harvested fruit there is a detayhe induction of a number of important
defence genes which suggests that the resistanCe géoeosporioidesnfection is more
efficient in unharvested fruits than in the hareesftruits. The differential induction of
defence-related genes in harvested and unharvésiiéslis probably linked to different
signalling cascades involving differential expressiof signal transduction genes in
harvested versus unharvested samples (Tables 5.8)—It is notable that in harvested
fruit, important fungal cell wall-degrading enzymesich as chitinases and glucanases are
only activated during the late response when tmeyalikely to have a major retardatory
effect on the growth of the fungus: one could sfaseuthat the fungus, unimpeded by
inhibitory anti-fungal dienes and trienes, is aédge to modulate the expression of host
genes coding for enzymes involved in fungal celll wagradation and so rapidly establish
a foothold in host tissue. Based on their highresgion in the infected fruits, catalase,
class Il chitinase, cysteine proteinase, endoasenand endo-1,4-D-glucanase are the key
resistances genes involved in avocados responge. tgloeosporioidesnfection. The
biological functions of almost all these cited gefi€able 6.1) were discussed in chapters 4

and 5.
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Table 6.1 Resistance genes expressed at a specific timé pothe infected avocado

fruits afterC.

gloeosporioidesnfection.

Time
Point

Fruits

Resistances genes expressed

Early response
(pool of 1, 4 and 24h)

Late response
(pool of 3, 4, 5 and 7 dpi)

Unharvested

a-Glucosidase

Asparaginyl

Endopeptidase

Catalase 2

Cysteine proteinase
Defensin-like protein

Disease resistance protein MLO
Endochitinase

Enhanced disease resistance 2 proteif
Esterase/lipase/thioesterase
Enzymatic resistance protein
Legumain-like protease
Lipoxygenase
Pathogenesis-related protein 6
Ribonuclease Il family protein
Serine carboxypeptidase family proteir

B- Glucosidase like protein,
Catalase

CC-NBS resistance protein
Endonuclease V family protein

Harvested

Accelerated cell death 1
Aspartic protease
Aspartic proteinase 1
B-Amylase
Catalase
Catalytic/ hydrolase
y-Thionin
Oligopeptidase A
Pathogenesis related protein-5
Pectinesterase inhibitor
Peroxidase
Programmed cell death protein 5

Thaumatin-like protein

B-1,3-Glucanase-like protein
Catalase

Chitinase 1,11

Endochitinase
Endo-1,4-D-glucanase

Endonuclease/exonuclease/phosphatase

Multidrug resistance protein 1, 2
Pectinesterase inhibitor
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6.5 Future work

The present study has confirmed the presence andefrelated genes in avocado
expressed under.@loeosporioidesttack. As such it makes a considerable contobutid
the understanding of avocado defence mechanismihefinvestigations could be done to
study the cascades involved in this mechanism hadattion of SA and ET in order to
elucidate the signalling pathways involved in tpiant pathogen interaction. From the
genetic database obtained, many primers of defezlated genes could be designed and
used to test the expression profiles of some kégnde genes in others avocado cultivars
and various cultivar-fungal disease combinationsr¢@spora spot dPhytophthora. This
research has opened the door for a multitude efréduimolecular investigations such as
AFLP-based transcript profiling (cDNA- AFLP) methathd microarrays which could be
done to study in more detail the expression prefilesome target genes. In addition many
molecular markers could be designed from the @si&t genes and used via conventional
breeding methods or genetic engineering to imptbeeresistance of avocado cultivars to

anthracnose and other fungal diseases.
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8. APPENDICES
Appendix 1. Sequences of selected candidate genes diffelgnéapressed in avocado

fruits in response t@. gloeosporioidepresented in Table 4.1

SI GNAL TRANSDUCTI ON AND TRANSCRI PTI ON FACTCRS

Gene 00001 leucine rich protein [Arachis hypogaea

AccccAGGYAAaCT CCGAATACAGGCCTAGATCGT TTGTACAGACAGACT TTTTGGGT GCTAAGAT CCAAAGT CGAGAGGGAAACAGCCC
AGATCGT ACGCTAAGGT CCCTAAGCAAT CACT TAGT GGAAAAGGAAGT GATCGAGCGAT GACAACCAGGAGGT GGGCT TGGAAGCAGCCA
TCCTTTGAAGAAAGCGTAATAGCT CACT GGT CTAGCT CCAT GGCACCGAAAAT GTATCAGGGCTCAAGT GATTCACCGAAGCGACGAGAC
CTTGAAAGCTGCTTTTTCAAGT GT CAGTAGCGGGACGT TCTGT CAAT CGGGGAAGGT TTTTGGT GACAACACCT GGAGATATCAGAAGT G
AGAATGCTGACAT GAGTAACGATAAAT CCTGT GAAAAACACGAT CGCCT GCCAGT GGAAGCGCT TTCTGCGT TCAGT CAATCTACGCAGAG
TGAATCGGT CCCT AAGGAACCCCCGAAAGGGCT GCCGT CCGATGGEGT ACACGAAAGT GACGAAGT TGCT TTGACTACTGAACCATGCCTG
TCTGT TGGAGCGAAT TGGAT GATCGGEECCGAGEECTGCCCCCTCTTCCCCTCGCTCTCCT TTCCCTAATATGAACCT TGAGT CATCAAAG
CCTTTCTGACT CGECCT GECCCGGT CGCCCTACGCTACT GGAGCT GAAAAAGGCT AGCGCGCCAGCAAACGAAGGAGCAAGT GTAGGCGA
CCCCAAGGGAGCAAACGAAGGCT GAGAGCCAT CTGGCT CGAAAGCCGGAGT GCGCTAGCGCGCACTGGAGT TTTCTTCCCTTGT TCTGGC
CGGAGT GCGCAGGAGCGCACTGGAGT TTTCCGAGCTGCT TGT TGCT TCAAAAGGCGAAACT CTCGT CTTTGECGACCTAATAACT GACGG
GGCGGACACTTTTTGT TATCTAAAGGCGAAGACT CTGAAGT GGGECGAACACT CGECCCAGCGEEECGAACAT GCCEGEGECT CCEGECTCCECG
CACCTGCTGACACCTTTCGAAGCACTCTTTATTCAACCGCAGT CGT GTTGCGT CACGAGT CTACAAGCCTTTCTCATTTCAGTGCTCGCC
TTTTTAATCTTCAGTAGGGCCCTTTAGT CTTTTGATTAGAGT AGGGGT CGCGAGAGAGCAGAGCGTACCGCCCT GCCATAGT CGCGAGTC
TGITTATAGTCGCGACTGT TGT CATAGT CAACAAGGT TGAAACT TCCT GGAAAAAACT TCGAAT TGEGAGGEGECGAT CCTCCCGGT GAACT
GACCGT ACCCCAAACCGACACAGGT GAACAAGT AGAGT ATACTAGGGECGCT TGAGAGAACCAT GT CGAAGGAACT CGECAAAATGACCCC
GTAACTTCGGGAGAAGGCGY TGCTCTCCTATCTTTt GATTAGGAAa GCGGCACATACCAGGGGGTAGCGACTGT Tt ATTAAAAACACAGGA
Ct CTGCTAAGT GGTAACACGATGTATAGAGTCTGACA

Gene 00609 transcription factor WRKY36 [Physcomitrella patens subsp. Patens]
AGAAGACCCTGTTGAGCT TGACTCTAGT CCGACT T TGT GAAATGACT TGAGAGGT GTAGGATAAGT GGGAGCCGT CTCGBCGGECGCAAGT
GAAATACCACTACTTTTAACGTTATTTTACTTATTCCGT GAGT CGGAGGCGEGEGCATCGCCCCTCCTTT TGECCCAAGECCCECCTCEEC
GGGECCGAT CCCEECEGAAGACATTGT CAGGT GEGGAGT TTGGCT

CYTOCCHROMVE PROTEI NS

Gene 00132 cytochronme P450 nonooxygenase [ Pyrus conmuni s]

AAGACAgCcaggACGGTGGTCATGGAAGT CGaaaTCCGCTAAggAGT GT GTAACAACT CACCT GCCGAAT CAACTAGCCCCGAAAaTGGAT
GGECGECT GAAGCGECGECGACCCATACCCGEECCGT CGEGECEAT TEGCCAT GCCCCGAT GAGT AGGAGGECECEGCGECT GCTGCAAAACCCEG
GECECGAGCCCEEECEGAGCEECCET CGGT GCGGAT CTTGGT GGTAGT AGCAAATAT TCAAAT GAGAACT TTGAAGGCCGAAGAGEEGAA
AGGTTCCATGTGAACGGCACT TGCACAT GGGT TAGT CGAT CCTAAGCGACGGEEGAAGCCCGT CCGAGAGCGT GCAGCACGCGAGCTCCG
AAAGGGAATCGGGT TAAAAT TCCTGAACCGGGACGT GBCGGCTGACGGCAACGT TAGGGAGT CCGGAGACGT CBGCGEGRGY CCTCGEGAA
GAGTTATCTTTTCTGI TTAACAGCCT GCCCACCCT GGAAACGECT CAGCCGRAGGT AGGGT CCAGCGGECT GGAAGAGCACCECACGTCEC
GI'GGTGI'CCGEGT GCECCCCCEECGEECCCT TGAAAAT CCEGAGGACCGAGT GCCTCCCACGCCCGGT CGTACT CATAACCGCATCAGGT CT
CCAAGGTGAACAGCCTCTGGTCGAT GGAACAAT GTAGGCAAGGGAAGTCGGC

Gene 00144 Cytochrome c oxi dase subunit 5B, mitochondrial precursor

GCCGCCGECGCCCT CCTACT CATCGEEGECAT GGCAAT CGCCCCGACGGECCERGT ATGEGT CGCGCGCT TCAGCGCCATCCATTTTCGGEGEC
TAGTTGATTCGGCAGGTGAGT TGTTACACACTCCT TAGCGGAT TTCGACT TCCAT GACCACCGT CCTGCTGT CT TAATCGACCAACACCC
TTTGTGGGT TCTGEGT TAGCGCGCAGT TGEGECACCGT AACCCGGCT TCCGGT TCAT CCOGCATCGCCAGT TCTGCT TAACCAAAAATGGC
CCACTTGGAGCT CTCGAT TCCGT GBCGCGGCT CAACGGAGCAGCCGCGCCGT CCTACCTATTTAAAGT TTGAGAATAGGT CGAGGECGT T
GCCGCCCCCGATGCTCTAATCATTGGCTTTACCCGATAGAACT CGCCCGCGEECTCCAGCTAT CCT GAGGGAAACT TCGGAGGGAACCAG
CTACTAGACGGT TCGATTAGICTTTCGCCCCTATACCCAAGT CAGACGAACGAT TTGCACGT CAGT AT CGCTGCGGGCCT CCACCAGAGT
TTCCTCTGGECT TCGCCCCGCT CAGSCATAGT TCACCATCT T TCGGGT CCCGACAGGCATGCT CTCACT CGAACCCT TCTCAGGAGATCTA
GGTCGGT CEECGGET GCACCCCGLT GEEEGEGAT CCCGECC

Gene 00301 cytochrome P450 |ike_TBP [Nicotiana tabacum

GTCAAGCTCAACAGGGTCTTCTTTCCCCGCT GATTCTGCCAAGCCCGT TCCCT TGECTGT GGT TTCGCTGGATAGTAGACAGGGACAGT G
GGAATCTCGT TAATCCAT TCATGOGCGT CACT AATTAGAT GACGAGGCAT TTGGCTACCT TAAGAGAGT CATAGT TACTCCCGCCGT TTA
CCCGCGCTTGGT TGAATTTCTTCACT TTGACAT TCAGAGCACT GGGCAGAAAT CACAT TGCGT GAGCATCCGCAGGGACCATCGCAATGC
TTTGTTTTAATTAAACAGT CGGATTCCCCTTGT CCGTACCAGT TCTGAGT CGACT GT TCGACGCCCGEEGAAGBCCCCCGAGGGAGCCGT
TCCOGGT CCGT CCCCCEECCEECACCCGECGACCCECT CT CGCCEOCEEAGCAGCT CGAGCAGT COGCCGACAGCCGACGEGT TCGEEAC
AGGGACCCCCGT GCCCAGCCCTCAGAGCCAATCCTT

Gene 00475 cytochrome P450-1ike TBP protein [Lilium]longifloruni

ACTTATCCTACACCT CTCAAGT CATTTCACAAAGT CGGACT AGAGT CAAGCTCAACAGGGT CTTCTTTCCCGCTGAT TCTGCCAAGCCGT
TCCCTTGGCTGTGGT TTCGCT GGATAGT AGACAGGGACAGT GGGAAT CTCGT TAATCCAT TCATGOGCGT CACTAATTAGAT GACGAGGC
ATTTGGCTACCTTAAGAGAGT CATAGT TACTCCCGCCGT TTACCCGCGCTTGGT TGAATTTCTTCACT TTGACAT TCGGAGCACT GBGCA
GAAATCACATTGCGT GAGCATCCGCAGGGACCATCGCAATGCTTTGITTT

Gene 00614 cytochrome P450 |ike_TBP [N cotiana tabacum
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CCCGGT CGTACT CATAACCGCAT CAGGT CTCCAAGGT GAACAGCCT CTGGT CGAT GGAACAAT GTAGGCAAGGGAAGT CGGCAAAACGGA
TCCGTAACCT CGGGAAAAGGAT TGECT CT GAGGGECT GGGECACGEGEEGET CCCT GT CCCGAACCCGT CGECT GTCGECGGACT GCTCGAGCT
GCTCCCONGECGAGAGCGEGTCECCECGTECC

HYPOTHETI CAL  PROTEI NS

Gene 00082 hypothetical protein [Arabidopsis thaliana]

CAGGT GGGGAGT TTGGCT GEEGECGECACATCTGT TAAAAGATAACGCAGGT GT CCTAAGAT GAGCT CAACGAGAACAGAAATCTCGT GTG
GAACAAAAGGGT AAAAGCT CGTTTGATTCTGAT TTCCAGT ACGAAT ACGAACCGT GAAAGCGT GECCTATCGATCCTTTAGACCT TCGGG
ATTTGAAGCTAGAGGT GTCAGAAAAGT TACCACAGGGATAACT GGCTTGT GGCAGCCAAGCGT TCATAGCGACGT TGCTTTTTGATCCTT
CGATGT CGGCTCTTCCTATCATTGT GAAGCAGAATTCACCAAGT GT TGGATTGT TCACCCACCAAT AGGGAACGT GAGCTGGGT TTAGAC
CGTCGTGAGACAGGTAGT TTACCCTACTGAT GATCGT GCCACGATAGTAAT TCAACCT AGTACGAGAGGAACCGT TGATTCGCACAAT TG
GTCATCGCGCT TGGT TGAAAAGCCAGT GGOGCCGAAGCT ACCGT GCGT CGGAT TATGACT GAACGCCT CTAAGT CAGAATCCAAGCTAAAC
ACGCGECGCCCECECCCECCECCCECT TGCCGACCCT CAGT AGGGGCCT CTTTGGCCCCCAT GEBCCCGT GCCGT TGGT GAAGCCCCCGC
GGCCGACGAGCCGCGACGGEGECCGCCT TGAAGAT TAAT T TCGACCGGACGGCGEGECAGAAT CCTTTGCAGACGAAT CTGT GCGACACT GGG
GCTGAATCTCAGT GGATCGT GGCAGCAAGGECCACTCTGCCACTTACAAT

Gene 00213 hypothetical protein LOCL00382981 [Zea mays]

GGGCCT TGGGACCAAAAGGAGGGECGATGCCCCGECCT CCGACT CACGGAATAAGT AAAAT AACGT TAAAAGT AGTGGTATTTCACT TGCG
CCGCCGAGACGGECTCCCACT TATCCTACACCT CTCAAGT CATTTCACAAAGT CGGACT AGAGT CAAGCTCAACAGGGTCTTCTTTCCCCG
CTGATTCTGCCAAGCCCGT TCCCTTGGECTGT GGT TTCGCT GGATAGT AGACAGGEGACAGT GGGAAT CTCGT TAATCCATTCATGCGCGTC
ACTAATTAGATGACGAGGCAT TTGGCTACCT TAAGAGAGT CATAGT TACTCCCGCCGT TTACCCGCGCTTGGT TGAATTTCTTCACTTTG
ATTCAGAGCACT GGGCAGAAAT CACAT TGCGT GAGCAT CCGCAGGGACCATCGCAATGCTTTGT TTTAATTAAACAGT CGGATTCCCCTT
GTCCGTACCAGT TCTGAGT CGACT GT TCGACGCCCGEEGAAGGBCCCCCGAGGGAGCCGT TCCCGGT CCGT CCCCCEECCCGECACGCGECG
ACCCGCT CTCGCCGCEEGAGCAGCTCGAGC

Gene 00264 hypot hetical protein SORBI DRAFT [ Sor ghum bi col our]

AGAACCCACAAAGGGT GT TGGT CGAT TAAGACAGCAGGACGGT GGT CAT GGAAGT CGAAAT CCGCTAAGGAGT GT GTAACAACTCACCTG
CCGAAT CAACT AGCCCCGAAAAT GGAT GGCGCT GAAGCGCGCGACCCATACCCGGECOGT CGEGY CGAT TGCCAT GCCCe GATGAGTAGGA
GGECECEGECEECT GCTGCAAAA COCCEEECECGAGCCCCEECEEAGCEECOGT CGGT GOGGATCT TGGT GGTAGT AGCAAATATTCAAAT
GAGAACT TTGAAGGCCGAAGAGGGGAAAGGT TCCAT GT GAACGGCACT TGCACAT GGGT TAGT CGAT CCT AAGGGACGGGGGAAGCCCGT
CCGAGAGCGT GCAGCACGCGAGCT CCGAAAGGGAAT CGGGT TAAAAAT TCCT GAACCGGGACGT GBCGGECT GACGGCAACGT TAGGGAGT
COGGAGACGT CGECGEEEEECCTCEEGAAGAGT TATCT TTCTGT TTAACAGCCT GCCCACCE TGGAAAC

DEFENCE/ STRESS

Gene 00654 catal ase [Arabidopsis thaliana]
ATTCTCCTGAATGTGAGATTTTGGGT TTGGT TTGAAGGCATGGAT CACAT CGGGGAACT TCAT CCCATCGCGAATGAAGAACACGGGEGAA
GITGI TTCCAACCAGATCGAAATTTCCCTCTCTAGT GTAGAACT TAAT GGCGAAGCCT CGAGGGTCTCTGAT

Gene 00509 endo-1, 4- bet a- gl ucanase [ Mal us x donesti ca]

AaTACGATGgAGY CaGCAGCCAG TgCGGCTCGe TGTCTCTGCTGCAACAT CAGAGCCT GGATTCTGTGTAGACACT TTGTAAACGT TGCGA
GGTGTATCCATGTCTTCTGGECCT CTCCCAGCAT CGGT GATCCGCGT TGEECTCTCCTACT TGGACATATAAAGAATTGGAAGT GBCTGTA
GAGGCCTTGAGTAGATAAT CCGT GCTCCAGCGAAGGGECCGCTCTTGCAT TCTCTACCT GCTCCGGCAT CAa GCAGCCGAACT CAATGATA
CCCCATGCCAGCATTGT Cgt AGTg

Gene 00405 endochitinase [Persea anericanal

GGAGCCATAGCT GACTCCAAGCAAGT CACAGT ACCTCT TGTAGAAGCCAAT GCGGT CTGCCACCT TGTCATTGAATCCCT TGCCGCATTC
GATCCCACCGT TGATGAT GT TGGT GAT GACCCCATAT CCT GGAAGGCGECCCGCCECCCT GT CAGCAGCAGAAGGCGT CCAT CGACCGGT
GATCACGT TGT GGCATGACGGT TTGGGAGAT TGT GEGGT CATCCAGAACCAGAGEGCTGT TTTGAAGGAGAT GACTGGATCTGTGECCAC
AGCATCTGGATTGT TGATAAGATCATAGCCTATGGCTCTTCCTGCTGGACCATAGT TGTAGT TGTATGAAATCT GAATGGT CCACGCCCG
TAGTATTTTT

Gene 00308 heat shock protein [Cucum s sativus]

GCAGAATGGCCAGAGGATAACT TTCCCT GGAGAGGCT GATGAGBCGCCGGACACCGT CACAGGTGATATAGT CTTTGTCCTACAACAGAA
GGAGCACCCCAAGT ATAAGCGCAAGGCGAGATGATCTATTTGT GGAGCACACCCTGTCTCTAACTGAGCCACT TTGTGGATTCCATTTTGT
ACTGACCCACCTTGATAACAGGCAGCTGCTGATTAAGT CGAAT CCT GCGGAGGT TGT CAAGCCAGAT CAGT TCAAGGCAATAAACGATCGA
AGGTATGCCAATGT ACCAGCGGCCCTTCATGAAGGGGAAACTATACATCCAT T TCACAGT GGATTTCCCTGATTCACT TACTCCAGACCA
ATGCAAGGCT TTGGAGAAAGT CTTGCCT CCGAGGBECCT CAGCCCAGCT TACGGATAT GGAACT GGAT GAAT GCGAAGAGACGACGCTGCA
TGATGTGAACATTGAGGAAGAGATGAG

Gene 00653 Metallothionein-like protein [Arabidopsis thaliana]

ATTGTGAATTGCAGAGT TAGT GTCGAGAGAGAGAGAATGT CT TGCTGT GGTGGAAACT GT GGCTGT GGATCTGGT TGCAAGT GTGGAAGT
GGATGT GGAGGATGCAAGATGTATCCTGATCTGT CCTTCT CTGGAGAAAGCAGCACCACT GAAAGCCTGATCA
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SENESCENCE =~ ASSCCI ATED PROTEI NS

Gene 00091 putative senescence-associated protein

AAGGCCCGCCT CEECEEECCGATCCEEECEGAAGACAT TGT CAGGT GGGGAGT TTGGCT GEEECGECACATCTGT TAAAAGATAACGCAG
GTGTCCTAAGAT GAGCT CAACGAGAACAGAAAT CTCGT GT GGAACAAAAGGGT AAAAGCT CGTTTGATTCTGATTTCCAGTACGAATACG
AACCGT GAAAGCGT GGCCTATCGATCCT TTAGACCT TCGGGAT TTGAAGCTAGAGGT GTCAGAAAAGT TACCACAGGEGATAACTGECTTG
TGGCAGCCAAGCGT TCATAGCGACGT TGCTTTTTGATCCT TCGATGT CGGCTCT TCCTATCATTGT GAAGCAGAT TCACCAAGTGTTGGA
TTGTTCACCCACCAATAGGGAACGT GAGCTGGGAT TAGACCGT CGT GAGACAGGT TAGT TTACCCTACT GATGAT CGTGCCACGATAGTA
ATTCAACCTAGT ACGAGAGGAACCGT TGATTCGCACAAT TGGT CATCGCGCT TGGT TGAAAGCCAGT GGCGOGAAGCTACCGT GCGTCGG
ATTATGACTGAACGCCTCTAAGT CAGAAT CCAAGCT AAACACGCGECGECT CEOGCCCEOCGCCCELT TGCCGACCCT CAGT AGGEECCTC
TTTGBCCCCCATGEECCCGT GCCGT TGGT GAAGCCCCCGECGECEGACGAGCCBECGACGGEECCGCCT TGAAGAT TAATTTCGACCGGACGG
CGGGCAGAATCCTTTGCAGACGAATCTGTGCG

Gene 00225 senescence-associ ated protein [Cupressus senpervirens

GAATACGAACCGT GAAAGCGT GECCTATCGATCCTTTAGACCT TCGGg AT TTGAAGCT AGAGGT GTCAGAAAAGT TACCACAGGGATAAC
TGGCTTGTGECAGCCAAGCGT TCATAGCGACGT TCCTTTTTGATCCTTCGATGT CGCCTCTTCCTATCATTGT GAAGCAGAATTCACCAA
GTGTTGGATTGT TCACCCACCAATAGGGAACY TGAGCT GBGa TTAGACCGT CGTGAGACAGGTt AGTTTt ACCc TAc TGATGATCGT GCe
ACGATAGTAaTTCAACC TAGTACGAGAGGAACCGT TGAT TCGCACAAT TGGT CATCGCGCT TGGT TGAAAGCCAGT GGCGCGAAGCTACC
GTGCGTCGGATTATGACT GAACGCCT CTAAGT CAGAAT CCAAGCT AAACACGCEECECCe GCECCCGCCECCCCCT TGCCGACCCTCAGT
AGGGGECCTCTTTGGECCCCCAT GEGECCCGT GCCGT TGGT GAAGCCCCCGCCGECCGACGAGCCGCGACGEECCCCCTTGAAGATTAATTTC
GACCGGACGGCGGGECAGAATCC

Gene 00407 putative senescence-associated protein [Pisum sativuni

ACCCACc AATAGGGAACY TGAg CTGGGAT TAGACCGT CGT GAGACAGGT TAGT TTACCTACT GATGAT CGTGCCACGATAGTAATTCAAC
CTAGTACGAGAGGAACCGT TGATTCGCACAAT TGGT CAT CGCGCT TGGT TGAAAGCCAGT GGCGCGAAGCTACCGT GCGT CGGATTATGA
CTGAACGCCTCTAAGT CAGAAT CCAAGCT AAa CACGCGGECGECT CECECCCECCECCOGCT TGCCGACCCTCAGTAGEEECCTCTTTGECC
CCCAT GEGECCCGT GCCGT TGGT GAAGCCCCCGCEECEEACGAGCCGCGACGEECCECCT TGAAGAT TAAT T TCGACCGGACGECEEGECAG
AATCCTTT

Gene 00464 putative senescence-associated protein

AAGGATTCTGCCCGCCGT CCGGTCGAAATTAATCT TCAAGBCGGECCCGT CGCGGCT CGT CCBCCECGEEEGCT TCACCAACGECACGEEC
CCATGGEGEECCAAAGAGGCCCCT ACT GAGGGT CGGCAAGCEEECEECEEECECGAGCECCCCGT GTTTAGCT TGGAT TCTGACT TAGAGG
CGTTCAGT CAGTAAT CCGACGCACGGT AGCT TCGCGCCACT GGCTTTCAACCAAGCGCGAT GACCAAT TGTGCGAATCAACGGT TCCTCT
CGTACTAGGT TGAATTACTATCGT GGCACGATCATCAGTAGGGTAAAACTAACCT

Gene 00473 putative senescence-associated protein [Lilium]longifloruni

GATTCGGCAGGT GAGT TGT TACACACT CCTAGCGGATTTCGACT TCCATGACCACCGT CCTGCTGT CTTAATCGACCAACACCCTTGT GG
GTTCTGGGT TAGCGCGCAGT TGEECACCGT AACCCGECT TCCGGT TCATCCCGCAT CGCCAGT TCTGCTTACCAAAAAT GGCCCACT TGG
AGCTCTCGATTCCGT GGCGECGECT CAACGGAGCAGCCGOGCCGT CCTACCTAT TTAAAGT TTGAGAAT AGGT CGAGGEGECGT TGCGCCCCC
GATGCCTCTAATCATTGGCT TTACCCGATAGAACT CGCCCGCGEGECTCCAG

Gene 00282 senescence-associated protein [Liliumlongifloruni

AAaGTTACCACAGGGATAACT GGECT TGT GBCAGCCAAGCGT TCATAGCGACGT TGCTTTTTGATCCT TCGATGT CGGCTCT TCCTATCAT
TGTGAAGCAGAATTCACCAAGT GT TGGAT TGT TCACCCACCAATAGGGAACGT GAGCTGGGT TTAGACCGT CGTGAGACAGGTI TAGT TTt
ACCCTACTGATGATCGT GCCACGATAGTAATTCAACCT AGT ACGAGAGGAACCGT TGATTCGCACAAT TGGTCATCGCCCTTGGT TGAAA
aGCCAGT GECGCGAAGCTACCGT GCGT CGGATTATGACTGAACGCCT CTAAGT CAGAAT CCAAGCT AAACACGCGGECEE ¢ GCGCCCGCCG
CCCGCTTGCCGACCCTCAGTAGBGGCCTCT T TGECCCCCAT GBBCCCGT GCCGT TGGT GAAGCCCCCGCGGECEGACGAGCCGCGACGEEL
CGCCTTGAAGATTAATTTCGACCGGACGGECGGEECAGAATCCTTTG

Gene 00496 putative senescence-associated protein [Pisum sativuni

CAAaGGATTCT GCCCGCCGT CCGGT CGAAAT TAATCT TCAAGGCGGECCCGT CGCEGECT CGT COGCCGCEEEEECT TCACCAACGECACES
GCCCAT GGGEECCAAAGAGGECCCCT ACT GAGGGT CGECAAGCGEECGECEEECGCGAGCGCCECGT GT TTAGCT TGGATTCTGACT TAGA
GGCGT TCAGT CATAATCCGACGCACGGTAGCT TCGCGCCACTGGCT T Tt CAACCAAGCGCGATGACCAATE GTGCGAATCAACGGT TCCT
CTCGTACTAGGT TGAATTACTATCGT GGCACGATCATCAGTa

Gene 00504 senescence-associated protein [Picea abies]

GGAAGACAT TGT CAGGT GGGGAGT TTGGECT GGEGECGECACAT CTGT TAAAAGATAACGCAGGT GTCCTAAGAT GAGCT CAACGAGAACAG
AAATCT CGT GTGGAACAAAAGGGTAAAACCTCGTTTGATTCTGATTTCCAGT ACGAATACGAACCGT GAAAGCGT GGCCTATCGATCCT T
TAGACCT TCGGGAT TTGAAGCTAGAGGT TGT CAGAAAAGT TACCACAGGGATAACT GGCT TGT GBCAGCCAAGCGT TCATAGCGACGT TG
CTTTTTGATCCTTCGATGTCGGCTCTTCCTATCAATTCTGATTTCCAGTACGAATACGAACCGT GAAAGCGT GBCCTATCGATCCTTTAG
ACC

Gene 00617 putative senescence-associated protein [Pisum sativuni

GCAAAGGAT TCTGCCCGCCGT CCGGT CGAAATTAATCT TCAAGGCGECCCGT CBCGRCT CGT CCBCCECGEEERCT TCACCAACGGECACG
GGCCCAT GEGEECCAAAGAGGCCCCT ACT GAGGGT CGECAAGCHEEECEECEEECECGAGCECCCCGTGT TAGCT TGGATTCTGACT TAGA
GGCGT TCAGTCATAATCCGACGCACGGTAGC

METABOLI SM

Gene 00237 fructose-bi sphosphat e al dol ase [ Persea Ameri cana]

ACTGTTCCTTCCAATAGGACATGGTGGT CGTTGAGT GCCTt GTAGAT CGCAGCCAGAACCCTCTCTGT TATGTCAGCGCACTTTTCAATG
CTATGAGGCCc ATCAACT AGAATCT CAGGCT CAATAAT TGGGACGAGT CCAT TCTCCTGGCAGAT GAT GGCACAACGGEGECCAACCCATTT
GCACTCTCGT TGATTGCCAACT GAGAAGGT TCAGT GEGEECCGATCT TGAGCACGGECTCTCCACT TGCCAAAACGGEGECTCCAGT CGAGTAG
TACTGT TGGCAACGCT GCGCAAGGCCAT CAAGGCCT TGGGT GGCGAT CTCGCCAT TGATGCCAGCAATATCGACATAGCCCGT GTCAACC
TTGATGCCCGGGAGGACACCT CCTTCCT TGAGGAT CTCGACAAa GBGCT TTCCAGATGATGACT TCTGGTAGAGCGY TCTCCTCAAAGAGG
ATCGCACCACTGAGGTATTGCAGGECGT TAGGEGT ACAAAAGAGGAGCT CACGCAGAGCCCTACGAT TGGATTCGACATTCTCTACATTG
ACGCt GG
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PHOTOSYNTHESI S AND CELL STRUCTURE

Gene 00447 Chloropl ast hypothetical protein [Zea mays subsp. nays]

CTTCCATTTAGCAGCACCT TAGGAT GGCATAGCCAACACAT TAAT GGCGAGGT TCAAACGAGGAAAGGCT TACGGT GGATACCTAGGCAC
CCAGAGAGGAGGAAGGECGT AGTAAGCGACGAAATGCT TCGGEGAAGT TGAAAAT AAGCAT AGAT CCGGAGAT TCCCGAAT AGGT CAACCT
TTCGAACT GCTGCTGAAT CCAT GGGCAGGCAAGAGACAACCT GGCGAACT GAAACAT CTTAGT AGCCAGAGGAAAAGAAAGCAAAGCGAT
TTCCGT AGTAGCGGCGAGCGAAAT GBGAGCAGCCTAAACCGT GAAACGAGGT TGT GGGAGAGCAATACA

Gene 00665 photosystem | assenbly protein Ycf4 [Zea mays]
GTAGCGGT TATGATCGATTCGATAGAAAAGAAGGAATAGT GTGTATTTTTCGT TGGGGATTTCCTGGAATAAATCGTCGCATCTTCCTTC
GATTCCTTATGAGAGAGAT TCAAT CGATCAGAATGGAAGT TAAAGAGGGTCTTTATCCT

ELECTRON TRANSPORT AND EXPRESSED PROTEI NS

Gene 00453 Aquaporin N P6-1 [ Medi cago truncatul a]
CTTCACAGACTGCGTTCGTTCTCTCGAGCTATCTCTCTGTCTCTGCAACTCCAAGAAGAAGGAAAT GGGAGAGGAAGAGAAGAAACCGGA
AGAGAAGAAGGAGGAAGAAGCGAAGAAGCCAGAGGAAGCGAAGAAE GAGGAGGAGAAGAAGGAAGAGAAAGCAGGCGAGGAAGCCAAGA
GCGAGAAGAAGGAGGAAAa GGAAGCT CCTCCTCCTCCGCCT CCTGAAGAGT TCGAATACAGAGT CTACATGCATTGT GAAGCT TGT GCGAA
GAAGGT GAAGCGATCTCTGCGT GGAT TCGCAGGAGT GGTAGATGT GAT TAc GGATt GCAAGGCAC

Gene 00037 Expressed protein [Arabidopsis |yrata subsp. |yrata]

CCAGAAC cc ACaa AGGGT GT TGGT CGATTAAGACAGCAGGACGGT GGTCAT GGAAGT CGAAAT CCGCTAAGGAGT GTGTAACAACT CACC
TGCCGAAT CAACT AGCCCCGAAAAT GGAT GBCGCT GAAGCGCGCGACCCACACCCGGECCGT CGEGERCGAT TGCCAT GCCCCGATGAGT AG
GAGGGCGECGEECEECT GCT GCAAAACCT GEEECGCGAGCCCEEECEEAGCEECCGT CGGT GCGGATCT TGGT GGTAGTAGCAAATATTCAA
ATGAGAACT TTGAAGGCCGAAGAGEEGAAAGGT TCCATGT GAACGGCACT TGCACATGGGT TAGT CGAT CCTAAGGGACGEGEGEGAAGCCC
GTCCGAGAGCGT GCAGCACGCGAGCT CCGAAGGGAAT CGGGT TAAAT TCCT GAACCGGGACGT GBCGGECT GACGGECAACGT TAGGGAGTC
CGGAGACGT CGECGGEGEEECCTCEEGAAGAGT TATCTTTTCTGT TTAACAGCCT GCCCACCCT GGAAACGGCT CAGCCGGAGGTAGEGT CC
AGCGECT GGAAGAGCACCGCACGT CECGT GGT GT CCEGT GCGCCCCCGECGEECCCT TGAAAAT COGGAGGACCGAGT GCCT CCCACGCCC
GGTCGTACTCATAACCGCAT CAGGT CTCCAAGGT GAACAGCCT CT GGTCGAT GGAACAAT GTAGCCAAGGGAAGT CGECAAAACGGATCC
GTAACCT CGGGAAAAGGAT TGGCT CT GAGGGECT GEGCACGGEEEGT CCCTGT CCCGAACCCGT CGBCT GTCGBCGGACT GCTCGAGCTGCT
CCOGCEECGAGAGCEEGT CECCEOGT GCCEGCCGGGGGACGGACCGGGAACGGCTCCCGTCGGGGGCCTT

Gene 00043 Expressed protein [Arabidopsis |lyrata subsp. |yrata]

GCTAAGGAGT GTGTAACAACT CACCT GCCGAAT CAACT AGCCCCGAAAAT GGAT GECGCT GAAGCGCGECGACCCATACCCGECCGT CGGG
GCGATTGCCATGCCCCGAT GAGT AGGAGGECGCECGECT GCT GCAAAACCCGEEECECGAGCCCEEECEGAGCEECCGT CGGT GCGGATC
TTGGTGGTAGTAGCAAATATTCAAAT GAGAACT TTGAAGGCCGAAGAGGEGGAAAGGT TCCAT GTGAACGECACT TGCACATGGGI TAGTC
GATCCTAAGGGACGGEGEEGAAGCCCGT CCGAGAGCGT GCAGCACGCGAGCT CCGAAAGGGAAT CGGGT TAAAT TCCTGAACCGEGACGT GG
CGGCTGACGGCAACGT TAGGGAGT CCCGAGACGT CGECGEEEGECCTCCEGAAGAGT TATCT TTCTGT TTAACAGCCT GCCCACCCTGGAA
ACGGCTCAGCCGGAGY TAGGGT CCAGCGGECT GGAAGAGCACCGCACGT CGCGT GGT GTCCGGT GCGCCCCe GBCGRCCCTTGAAAATCCG
GAGGACCGAGT GCCTCCCACGCCCAGT CGTACT CATAACCGCAT CAGGT CTCCAAGGT GAACAGCCT CTGGT CGATGGAACAATGTAGEC
AAGGGAAGT CGGCAAAACGGAT CCGT AACT CGGGAAAAGGAT TGCECT CT GAGGEGECT GGECACGEEGEGT CCCTGT CCCGAACCCGT CEGECT
GTCGBCGGACTGCTCGAGCT GCTCCCGCEECGAGAGCGEGT CECCECGT GCCGRCCEEEEGACGGACCEEGAACGECTCCCTCEEEEECC
TTCCc c GE3CY TCGAACaGTCGaCTCAGAACT G TACGYACAAGSG

Gene 00532 NAD- dependent sorbitol dehydrogenase 3 [Malus x donestica]l
CCTTTCCAACAGACAAACGATAAT CATCGACAT CAACAATAACAAT TCGT GGAGCT CCAAAGGCACGGEGECT GCCGAGCAT CATAATAAGGEC
CGATAGGACCT GCTCCAACGATCAAAACAT TTGT CTCT GGACCCACATTTGCACGACGACAAGCAT GAATTCCGACACT CAAGGCECTCAC
ACATAGCCCCTTCCT CCAAGCTAACAT TCTCAGGCAGCT TGAAACACAAAT CAGCAGGAT GCACCACCT GATTTGCAAGAGAACCATTAT
AGGGGEECTACGAATACGAACCGT GAAAGCGT GBCCTATCGATCCTTTAGACCT TCGG

UNKNOWN FUNCTI ON

Gene 00086 unknown [Zea mays]

GCTGGGGECGECACATCT GT TAAAAGAT AACGCAGGT GT CCTAAGATGAGCT CAACGAGAACAGAAAT CT CGT GTGGAACAAAAGGGT AAA
AGCTCGTTTGATTCTGATTTCCAGTACGAATACGAACCGT GAAAGCGT GGCCTATCGATCCTTTAGACCT TCGGGATTTGAAGCTAGAGG
TGTCAGAAAAGT TACCACAGGGATAACT GECT TGT GGCAGCCAAGCGT TCATAGCGACGI TECTTTTTGATCCTTCGATGTCGECTCTTC
CTATCATTGT GAAGCAGAAT TCACCAAGT GT TGGATTGT TCACCCACCAAT AGGGAACGT GAGCTGGT TAGACCGT CGTGAGACAGGT TA
GTTTTACCCTACTGATGATCGTGCCACGATAGTAATTCAACCTAGTACGAGAGGAACCGT TGATTCGCACAAT TGGTCATCGCGCTTGGT
TGAAAAGCCAGT GECGCGAAGCTACCGT GCGT CGGAT TATGACT GAACGCCT CTAAGT CAGAATCCAAGCT AAACACGCGGECGCTCGECGL
CCGECCAECCCGCT TGCCGACCCT CAGT AGGEECCTCTTTGGECCCCCAT GGECCCGT GCCGT TGGT GAAGCCCCCGCGECEGACGAGCCECG
ACGGGECCGCCTTGAAGATTAAT TTCGACCGGACGECGEEECAGAAT CCTTTGCAGACGAAT CTGT GCGACAT GGGGCTGAATCTCAGT GGA
TCGTGBCAGCAAGGCCACTCTGCCACT TACAATACCCCGTCCCG
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Appendix 2. Summary of genes induced in avocado fruits in arsp to C.
gloeosporioidesnfection with their putative function.
NAME | Accession num o Max
similar sequence Similar Sequence From database (BLASTX) E-value Identity %
(Putative function)
DEFENCE

Gene 001 ABZ02704.1 accelerated cell death 1 [Aigdsis thaliana] 2e-06 60
Gene 002 XP_002531635.1 alpha-glucosidase, puf@®igaaus communis] le-17 60
Gene 003 AAK15049.1 asparaginyl endopeptidase ¥igwliata] le-41 87
Gene 004 ABG37021.1 aspartic protease [Nicotigipaciam] 4e-27 70
Gene 005 BAB62890.1 aspartic proteinase 1 [Glyniag] 3e-26 70
Gene 006 NP_199124.3 aspartyl protease family iprpAeabidopsis thaliana] 4e-18 56
Gene 007 AAK58515.1 beta-1,3-glucanase-like prd@iea europaea] 9e-06 75
Gene 008 CAI39245.1 beta-amylase [Glycine max] 4e-19 74
Gene 009 AEE78232.1 beta-D-glucan exohydroladeefiotein [Arabidopsis thaliana] 2e-11 52
Gene 010 BAJ33502.1 beta glucosidase like prof@aighinium grandiflorum] 9e-34 61
Gene 011 BAC79443.1 catalase [Acacia ampliceps] le-24 98
Gene 012 AAD30291.2 catalase 2 [Raphanus sativus] 3e-05 70
Gene 013 AAF61733.1 catalase 3 [Helianthus annuus] 3e-05 75
Gene 014 NP_191763.3 catalytic/ hydrolase [Aralsifofhaliana] 5e-29 70
Gene 015 XP_002332294.1 CC-NBS resistance prddapJlus trichocarpa] 9e-11 58
Gene 016 CAC81812.1 chitinase, putative [Musa acata] le-35 86
Gene 017 ADQ43720.1 chitinase | [Casuarina eqtidiefi 3e-35 82
Gene 018 AAT40738.1 chitinase 2 [Nepenthes khafiana 2e-35 80
Gene 019 BAB82473.1 chitinase 3 [Triticum aestivum] 2e-34 82
Gene 020 ABR19829.1 cysteine proteinase [Elaeisegunisis] 8e-53 90
Gene 021 BAB64929.1 defensin-like protein [Pyrusfplal 3e-06 55
Gene 022 AAG51234.1 disease resistance protein N\du@tive; 5304-2185 [Arabidopsis thaliana] 0.014 14
Gene 023 AAP45181.2 Disease resistant protein maative [Solanum bulbocastanum] 0.12 52
Gene 024 ABY58190.1 endo-1,4-D-glucanase [Persegieanal 4e-71 100
Gene 025 CAB01591.1 endochitinase [Persea ameticana 6e-49 100
Gene 026 NP_191415.2 endonuclease/exonucleasefattase family protein [Arabidopsis thaliana] 4e-19 | 81
Gene 027 NP_567868.1 endonuclease V family pr@feabidopsis thaliana] 2e-27 80
Gene 028 CAH59407.1 endopeptidase 1 [Plantago major 2e-08 65
Gene 029 AEE84132.1 enhanced disease resistamotethjArabidopsis thaliana] 0.014 51
Gene 030 AAZ94162.1 enzymatic resistance proteipci@e max] 6e-17 63
Gene 031 ACE96388.1 esterase/lipase/thioesterapealis tremula] 2e-30 100
Gene 032 AAL15885.1 gamma-thionin putative [Casissativa] 2e-11 50
Gene 033 ACI25289.1 late blight resistance praRpirptal [Solanum stoloniferum] 0.12 52
Gene 034 AAF97315.1 lipoxygenase [Arabidopsis &) 4e-08 72
Gene 035 ABZ85667.1 LRR-like disease resistanceejr{Brassica rapa subsp. pekinensis] 2e-10 76
Gene 036 NP_001154256.1 metalloendopeptidase [dopbis thaliana] 2.2 54
Gene 037 XP_002519488.1 multidrug resistance prdte?, putative [Ricinus communis] 2e-19 81
Gene 038 AEE31214.1 multidrug resistance-associatgdin 13 [Arabidopsis thaliana] 2e-30 85
Gene 039 AAM47598.1 NBS/LRR resistance proteinikatein [Capsicum annuum] 9e-10 65
Gene 040 XP_002527223.1 oligopeptidase A, put@ifi@nus communis] 4e-29 66
Gene 041 ABX71220.1 osmotin [Piper colubrinum] 3e-14 82
Gene 042 ABA33845.1 pathogenesis-related protiteé diploperennis] 3e-16 59
Gene 043 ADP69173.1 pathogenesis related protfRoulus tomentosa] 3e-14 86
Gene 044 ACE97327.1 pectinesterase inhibitor [Ropiemula] 4e-07 69
Gene 045 AAL35364.1 peroxidase [Capsicum annuum] 2e-09 70
Gene 046 ACG48882.1 programmed cell death protéfted mays] 1le-05 83
Gene 047 AAM62652.1 protease inhibitor Il [Arabidapthaliana] 3e-12 66
Gene 048 NP_001154663.1 ribonuclease Il familygin[Arabidopsis thaliana] 8e-06
Gene 049 AAR25995.1 senescence-associated prpteative [Pyrus communis] 2e-09 91
Gene 050 ABF96384.1 Serine carboxypeptidase fgpnitein, expressed [Oryza sativa Japonica Glodp}11 71
Gene 051 AAK59275.1 thaumatin-like protein [Samisucigra) 5e-13 86
Gene 052 ADL60501.1 WRKY disease resistance pr@kéaius x domestica] 2e-09 81
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Appendix 2 (continued)

Accession num o Max
Name similar sequence Similar Sequence From database (BLASTX) E-value| Identity
(Putative function) %
SIGNAL TRANSDUCTION/CELLULAR COMMUNICATION
Gene053 | ABN10955.2 auxin response factor 8 [I[pomoea nil] 5e-28 83
Gene054 | NP_195050.6 1-phosphatidylinositol-4-phosphatéirase/ ATP binding / phosphatidylif 5e-13 79
phosphate kinase/ protein binding / zinc ion bigdirabidopsis thaliana]
Gene055 | AC0O40261.1 3-phosphoglycerate kinase [Heterantimepiliferum] le-55 83
Gene056 | XP_002532559.1 calcium-dependent protein kinagatipe [Ricinus communis] 8e-25 68
Gene057 | XP_002521983.1 calcium ion binding protein, pugfiRicinus communis] 9e-21 45
Gene058 | XP_002526485.1 casein kinase Il beta chain, pdicinus communis] 3e-37 77
Gene059 | XP_002871973.1 kinase family protein [Arabidopgiata subsp. lyrata] 2e-24 90
Gene060 | NP_172244.2 leucine-rich repeat transmembraneipriigase, putative [Arabidopsis thaliana] 3e-09 4 7
Gene061 | ACM89476.1 leucine-rich repeaarily protein / protein kinase family protein [ 8e-09 | 65
max]
Gene062 | AAF66615.1 LRR receptor-like protein kinase [Nicotambacum] 6e-40, 81
Gene063 | XP_002517700.1 F-box/LRR-repeat protein, putativeifRis communi 5e-47] 69
Gene064 | XP_002304470.1] F-box family protein [Populus trichpa] 7e-17| 72
Gene065 | BAE46985.1 mitogen-activated protein kinase [Niaodidabacum] le-37 91
Gene066 | ADD62693.1 mitogen-activated protein kinase kin@&gpsicum annuum] 2e-11 57
Gene067 | XP_002513833.1 Mitogen-activated protein kinas@&ikinase, putative [Ricinus comar| 8e-06 | 57
Gene068 | XP_002533161.1 casein kinase Il, alpha chain, etfiRicinus communis] 4e-33 95
Gene069 | NP_201509.1 MAPKKK19; ATP binding / kinase/ protein kinase/ pem serine/threq 5e-13 | 71
kinase [Arabidopsis thaliana]
Gene070 | ACG37954.1 mitogen-activated protein kinase organlz[Zea mays] 2e-16 71
Gene071 | ACM89569.1 Pto kinase interactor [Glycine max] 5e-08 90
Gene072 | NP_001105753.1 Ptil protein [Zea mays] 7e-07 86
Gene073 | XP_002881172.1 pfkB-type carbohydrate kinase fammibtein [Arabidopsis lyrata subsp. lyrata] 3e-2p 55
Gene074 | XP_002530817.1 rac gtpase, putative [Ricinus conisiun 2e-15 58
Gene075 | AAL40864.1 receptor protein kinase-like protein pSeum annuum] 2e-14 84
Gene076 | ACJ37422.1 receptor-like serine/threonine kinadgdiBe max] le-31 72
Gene077 | ABJ89812.1 salicylic acid-activated MAP kinase [bliana attenuata] 2e-33 84
Gene078 | BAC53772.1 Salicylic acid-induced protein kinasécfiiana benthamiana] 2e-33 84
Gene079 | ABY58272.1 serine-threonine protein kinase [Peesearicanal 4e-11 83
Gene080 | BAD67854.1 S-domain receptor-like protein kinaselj0oryza sativa Japonica Groyple-24 | 75
Gene081 | NP_175758.2 signal peptidase | family protein [Adaipsis thaliana] 2e-20 53
Gene082 | AAQ76042.1 signal recognition particle receptortpio [Cucumis sativus] le-1Q 78
Gene083 | CAA71142.1 SNF1-related protein kinase [Cucumisvaati le-23 | 83
Gene084 | AAM18133.1 small G-protein ROP3 [Medicago truncafula le-15 | 58
Gene085 | ABQ42149.1 thioredoxin [Sonneratia caseolaris] 3e+{083
Gene086 | XP_002527178.1 WD-repeat protein, putative [Ricioosimunis] le-39| 77
OXIDATIVE BURST/ ENERGY
Gene087 | BAG30911.1 ascorbate peroxidase [Capsicum chinense] 9e-24 90
Gene088 | P49317.1 Catalase isozyme 3 >emb|CAA85426.1| satfiNicotiana plumbaginifolia] 5e-34 94
Gene089 | YP_567107.1 cytochrome b6 [Vitis vinifera] 3e-60 78
Gene090 | AAW30282.1 cytochrome ¢ biogenesis ccmF [Lauruslisdb 4e-38 98
Gene091 | ABY83854.1 Cytochrome C oxidase subunit | [PlantEgmeolata] le-43 100
Gene092 | YP_004222659.1 cytochrome f [Anthriscus cerefolium] 8e-09 100
Gene093 | BAD26579.1 cytochrome P450 like_ TBP [Citrullus |aus] 3e-13 96
Gene094 | ABC68408.1 cytochrome P450 monooxygenase CYP89H& it max] 2e-45 72
Gene095 | XP_002523033.1 dehydroascorbate reductase, pufRtisi@us communis] 3e-33 85
Gene096 | AEC09244.1 galactose oxidase/kelch repeat-contimiotein [Arabidopsis thaliana] 2e-07 53
Gene097 | ABC74528.1 Glucose-6-phosphate dehydrogenase [Bemithocarpa] 6e-21 96
Gene098 | XP_002533075.1 glutathione peroxidase, putativeifies communis] 6e-12 79
Gene099 | AAF61392.1 glutathione S-transferase [Persea aaraic le-13 97
Genel00 | ACN59435.1 glyceraldehyde-3-phosphate dehydrogdiisecarpus longan] le-18 84
Genel0l1 | CAA48253.1 ketol-acid reductoisomerase [Arabidofisidiana] 2e-36 82
Genel02 | AAC04245.1 MgATP-energized glutathione S-conjugatmp [Arabidopsis thaliana] 2e-28 87
Genel03 | ABQ41114.1 monodehydroascorbate reductase [Vitisera] 4e-15 92
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Appendix 2 (continued)

Accession num of Max
Name similar sequence Similar Sequence From database (BLASTX) E-value | Identity
(Putative function) %
METABOLISM
Gene 103 ADO64899.2 acetyl-CoA carboxylase carboxyltransferbeta subunit [Theobroma cacao] le-19 90
Gene 104 | XP_002525341.1| _ acyl-CoA oxidase, putative [Ricinosimunis] 5e-47 | 81
Gene 105 XP_002532384.1| _1-deoxyxylulose-5-phosphate synthmgative [Ricinus communis] 2e-56 | 70
Gene 106 XP_002514626.1| _ Alpha-1,4-glucan-protein synthad@forming], putative [Ricinus communis] | 8e-35 | 93
Gene 107 | ACG42565.1 calcium homeostasis regulator CHoR1 [Aags] 8e-17 68
Gene 108 | XP_002275562.1| _ PREDICTED: similar to cinnamoyl-CoAuetase family [Vitis vinifera] le-18 50
Gene 109 ACE96393.1 esterase/lipase/thioesterase [Populmsi kag 2e-30 | 100
Gene 110 XP_002510442.1| _glycosyltransferase, putative [REicommunis] 2e-07 | 74
Gene 111 ADR79441.1 glycyl-tRNA synthetase-like protein [Lidendron tulipifera] 4e-23 | 94
Gene 112 XP_002519647.1| _ornithine aminotransferase, putfR@nus communis] 4e-34 | 81
Gene 113 CAB41092.1 pectate lyase-like protein [Arabidopbaliana 0.001 52
Gene 114 ADN34053.1 starch synthase [Cucumis melo subsp]mel le-41 | 81
Gene 115 AC040485.1 terpene synthase [Actinidia deliciosa] 3e-17 | 58
Gene 116 ACG45528.1 ubiquitin-protein ligase [Zea mays] 2e-17 | 76
TRANSCRIPTION FACTOR
Gene 117 ACF60482.1 bZIP transcription factor [Oryza satiemonica Group] 1le-08 57
Gene 118 ADL36656.1 C3HL domain class transcription fadtdalus x domestica] 3e-27 79
Gene 119 ABL97952.1 DNA binding transcription factor [Brass rapa] le-34 92
Gene 120 ACM49845.1 Ethylene responsive transcription fa8# [Prunus salicina] 2e-14 68
Gene 121 BAD18011.1 MADS-box transcription factor [Asparaguirgatus] 7e-16 76
Gene 122 AAS68190.1 Myb transcription factor [Vitis vinifa} 6e-27 89
Gene 123 XP_002877726.1 Myb family transcription factor §vidopsis lyrata subsp. lyrata] 7e-39 90
Gene 124 AAD10237.1 TATA-box binding protein [Phaseolus gaitis] 3e-06 100
Gene 125 AAM63665.1 transcription factor, putative [Arabidog thaliana] 2e-33 | 89
Gene 126 NP_001152266.1| _ Basic helix-loop-helix (bHLH) trarigtion factor [Zea mays] le-23 | 72
Gene 127 XP_002524838.1| _ WRKY transcription factor, putati®dinus communis] 2e-27 | 76
Gene 128 NP_179571.1 zinc finger (CCCH-type) family protein §idopsis thaliana] 3e-27 | 77
TRANSPORTATION
Gene 129 XP_002331473.1 ABC transporter family protein [Blois trichocarpa] 3e-16 86
Gene 130 CAA04768.1 acyl carrier protein [Fragaria vesca] 4e-23 94
Gene 131 XP_002315914.1 amino acid transporter [Populebdigarpa] 3e-30 83
Gene 132 XP_002526293.1 GABA-specific permease, putativieifils communis] 2e-30 82
Gene 133 XP_002522620.1 mitochondrial dicarboxylate carpietein, putative [Ricinu 2e-27 92
Gene 134 ACD46687.1 putative amino acid permease [Triti@gativum] 6e-20 65
Gene 135 ACD56666.1 putative permease [Gossypium arboreum] 3e-23 74
Gene 136 CAJ29291.1 putative polyol transporter proteirhdt{is japonicus] 6e-49 69
Gene 137 NP_177024.1 proton-dependent oligopeptide trangPa@T) family protein [Arabidopsis thaliana] 8e-21 83
Gene 138 ABK29439.1 sugar transport protein [Coffea canephora 2e-52 | 76
Gene 139 NP_563741.1 transport protein, putative [Arabidskaliana] 4e-06 | 95
Gene 140 XP_002529245.1| _translocon-associated protein, apbanit, putative [Ricinus communis] 3e-30 | 77
STRESS RESPONSE
Gene 141 BAJ11784.1 dehydration responsive protein[Corcholitigrius] 0.092 | 61
Gene 142 AAB84193.1 dormancy-associated protein [Pisum sativu 0.58 51
Gene 143 XP_002869603.1| _ early-responsive to dehydrationr@ljlopsis lyrata subsp. lyrata le-40 | 95
Gene 144 ACJ11742.1 Chaperone protein dnak¢at shock protein 70) [Gossypium hirsutum] 2e-37 100
Gene 145 AAMO00365.1 saline responsive OSSRIII protein [Orgasiva 4e-05 | 77
Gene 146 CAC85227.1 salt tolerance protein 1 [Beta vulgaris] 3e-22 | 63
Gene 147 XP_002514902.1| _stress associated endoplasmicltatiqurotein, putative [Ricinus communis] 2e-09 | 100
Gene 148 ABD57310.1 stress-associated protein 1 [Solanunplicum] 6e-17 | 74
Gene 149 NP_176461.1 stress-inducible protein, putative Pidapsis thaliana] 1e-37 77
Gene 150 NP_566406.1 universal stress protein (USP) fanibygin [Arabidopsis thaliana] 3e-26 | 71
Gene 151 BAC84424.1 water-stress protein-like protein [Oryatva Japonica Group] le-12 | 41
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Appendix 2 (continued)

Accession num of Max
similar sequence Similar Sequence From database (BLASTX) E-value| Identity
Name (Putative function) %
PROTEIN SYNTHESIS
Gene 152 | XP_002528028.1 elongation factor 1-alph@tive [Ricinus communis] 3e-44 82
Gene 153 | CAA71882.1 Elongation factor 2 [Nicotiaaaacum] 9e-15| 94
Gene 154 | AAF02837.1 elongation factor EF-2 [Arabidopsis thah] 6e-33 | 83
Gene 155 | XP_002513404.1| eukaryotic translation elongatiatdia putative [Ricinus communis] 3e-35 89
Gene 156 | BAB08857.1 eukaryatic initiation factor 4, elF4-lipeotein [Arabidopsis thaliana] 3e-11l 70
Gene 157 | AEE75261.1 Ribosomal protein S5/Elongation factdil&/ family protein [Arabidopsis thaliana] 2e-17 | 69
Gene 158 | NP_001105988.1| putative splicing factor [Zea mays] 5e-12 | 60
Gene 159 | ADL64029.1 ribosomal protein S3 [Trimenia moorei] 2e-22 | 96
Gene 160 | YP_004021349.1| ribosomal protein S11 [Theobromaajc 5e-11| 100
Gene 161 | XP_002888287.1| translational activator family proférabidopsis lyrata subsp. lyrata] le-13 81
PHOTOSYNTHESIS
Genel62 NP_196924.1 3-isopropylmalate dehydrogenhk®oplast, putative [Arabidopsis thaliana] 32-| 95
Gene 163 | ACG59771.1 chloroplast aspartate aminsfgease [Triticum aestivum] 3e-14 94
Gene 164 | AAX53163.1 chloroplast photosynthetic @xyg@volving protein 33 kDa subunit 2e-36 | 75
[Nicotiana benthamiana]
Gene 165 | NP_001105381.1| chloroplast phytoene dehydrogenase, chloroplabkticfooplastic precursor [Zea mg 1le-24 | 94
Gene 166 | AAL77589.1 chloroplast ribose-5-phosphate isomef8péinacia oleracea] le-1y 64
Gene 167 | NP_862765.1 photosystem | assembly protein Ycf4yj€aithus floridus var. glaucus] 5e-16 98
Gene 168 | YP_001294267.1| photosystem Il protein Z [llliciutigandrum] 3e-12| 100
Gene 169 | ABB59688.1 ribulose-1,5-bisphosphate carboxylase/emgge large subunit 2e-49 | 100
[Umbellularia californica]
CELL STRUCTURE AND COMPONENT
Gene 170 | ADN34200.1 annexin [Cucumis melo subspo]mel 2e-16 | 66
Gene 171 | ACS28251.1 cell division control protein [Nicotiana glutinosa] 2e-33 | 90
Gene 172 | NP_564367.1 integral membrane HRF1 familiejm [Arabidopsis thaliana] le-20 89
Gene 173 | BAD61522.1 polygalacturonase-like [Oryzivaadaponica Group] 4e-04 51
REGULATION
Gene 174 | BAB90396.1 ADP-ribosylation factor [Oryza sativa Jajga Group] (regulation) 5e-0%5 100
Gene 175 | ADB93067.1 aquaporin [Jatropha curcas](regulation) 3e-31| 87
Gene 176 | AAM12952.1 auxin-regulated protein [Zinnia violat€segulation) 2e-06| 53
Gene 177 | XP_002875307.1| regulator of chromosome condensédinily protein [Arabidopsis lyrata subsp. | 4e-17 | 82
lyrata] lyrata subsp. lyrata]
FUNCTION: UNCLASSIFIED
Gene 178 | ABA99240.2 amidase, hydantoinase/carbamoylase ygmiltein, expressed [Oryza 8e-22 | 85
sativa Japonica Group]
Gene 179 | CBI37545.3 hypothetical protein VITISV_021988 [Vitimifera] 7e-13| 73%
Gene 180 | BAB11623.1 N-carbamyl-L-amino acid amidohydrolase lgtotein [Arabidopsis thaliana] 5e-23 90
Gene 181 | NP_001152224.1] O-succinylhomoserine sulfhydryl@ea[mays] le-35 84
Gene 182 | ADZ75466.1 oxygen evolving enhancer protein 1 [lhitchinensis] 3e-38 77
Gene 183 | XP_002325077.1| predicted protein [Populus trichpahr 7e-42 | 76
Gene 184 | CBI35816.3 unnamed protein product [Vitis vinifera] 3e-40 | 100

268




Appendix 3 Summary of sequencing and assembly

C EU LU EH LH
Number of reads 36024 35648 25046 71820 47243
Reads fully assembled
in contigs 25774 29067 21367 46200 31859
Number of contigs 1568 2544 693 1138 1115
Outliers reads 301 178 188 827 500

Control, Early Unharvested, Late Unharvested, Blddyested and Late Harvested
(C, EU, LU, EH and LH respectively).
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Abstract

The fruit of avocado is high in structural carbofatds and proteins and also contains polyphenaishwihterfere with the isolation of high
quantity and quality of RNA. The aim of this studawto optimize RNA isolation from avocado fruit feubsequent complementary DNA
(cDNA) transcription. We describe an optimizeyltrimethylammoniunbromide (CTAB)-based RNA extraction protocol thabai effective
extraction of high-quality total RNA from the skindflesh of the fruit without the use of phenoltdldRNA obtained from this procedure is of
high quality and is undegraded, as assessapégtrophotometriceadings and electrophoresis, and was succeseély for cDNA synthesis.

This is a first report of effective RNA extractiomifn avocado fruit.
© 2011 SAAB. Published by Elsevier B.V. All rightssegved.

Keywords: Avocado fruit; cDNA; CTAB; Flesh; Polypias; Polysaccharides; Proteins; RNA extractionn Sk

Extraction ofRNA of high quantityandqualityis a preliminary
step for many investigations in plant moleculaddgy such as
Northern Blot hybridization, mMRNA purification, PC&nplifi-
cation, cDNAsynthesisand cDNAlibrary construction(Hu et al.,
2002). However, to isolate RNA from some plant uiss is
manifestly difficult due to the presence of high camts of
secondary metabolites, such as polysaccharidgsayhenolic
compounds, whichanco-precipitateor bindto RNA and result in
poor yields (Gasic et al., 2004). Avocado (Pers@aricana
Mill.) produces a climacteric fruit which, in addih to mainly
monounsaturatedndpolyunsaturatedils, containshighlevelsof
proteinsandstructural polysaccharides (Berd®92;Naveh eal.,
2002), and polyphenols (Lopez-Gémez, 2002). Inimpmeary
experiments, we tested four protocols using eifteznol or

Abbreviations: DEPC, diethyl pyrocarbonate; dNTdeoxyribonucleotide
triphosphate; DTT, dithiothreitol; EtBr, ethidiumdmide; EtOH, ethanol; FW,
fresh weight; LiCl, lithiunchloride;mRNA, messengeRNA; PCR, polymerase
chain reaction; PVP, polyvinylpyrrolidone; TAE,d+acetate-EDTA.

U Corresponding author. Tel# 27 11 7176322; fax: + 27 11
7176351.
E-mail address: colin.straker@wits.ac.za (C.J k8t)a

CTAB in theextraction buffer (Het al., 2002t 6pez-Gémeand

Gomez-Lim,1992; Pandit et al., 200Valderrama-Chaireet al.,

2002) and one commercially available RNA extractikih
(RNeasy Plant Mini Kit, Qiagen) to extract RNA fraime skin
(exocarp) and flesh (mesocarp) of avocado fruitthatresults
were unsatisfactory for all the protocols becaukehe poor
quality and quantity ahe resulting totaRNA. In orderto achieve
an improvement in both yield and purity of RNA frawocado
fruit we used the CTAB/NaC1 method of Chang e1#93) and
modified it by replacing PVP K 30 with PVP K 40meving

spermidine from the extraction buffer and includimgsimple
polysaccharide precipitation step that does natcaffhe RNA
yield but removes contaminating polysaccharides.

Fruits of avocado (cv. Fuerte.) were collectemm the
orchards of Roodewal farm near Nelspruit, Mpumatang
Province, South Africd25°2554.62'S; 30°5615.34'E). The
skin and flesh tissugs5 g) were immediately sliced out and
frozen in liquid nitrogen, and stored aB80 °C until needed.
DEPC-treated water was used for all solutions. &ndissues
were ground with a mortar and a pestle in the pressef liquid
nitrogen. The resulting powder (0.5-1 g) was tramsfl to

0254-6299/$ - see front matter © 2011 SAAB. Pulglisby Elsevier B.V. All rights reserved.

doi:10.1016/j.sajb.2011.04.009
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sterile centrifuge tubes containing 10 ml of preswead (65 °C)
sterile extraction buffer (2% CTAB, 2% PVP K 40,016M
Tris—HCI pH 8.0, 25 mM EDTA, 2 M NacCl, and 4Q0 2%
B-mercaptoethanol added just before use) and atedbat
65 °C for 5-10 min to lyse the cells completelyli¢#wing the
addition of 15 ml of chloroform:isoamyl alcohol (24[v/v])
tubes were vortexed and centrifuged at 5000 rpn2@omin at
room temperature. After centrifugation, the uppkage was
transferred to a new tube with 15 ml of chlorofasmamyl
alcohol, then vortexed and centrifuged again féemn at
5000 rpm. After the second centrifugation, the sog&nts
(12 ml) were transferred to sterile tubes followthg addition
of 3 ml of 10 M LiCl (1/4-volume). After overniglimcubation
—20 °C, the tubes were centrifuged (10,000 rpmm@Q
4 °C) and the pellets re-suspended in dOOaCl-sodium
dodecylsulphate-Tris-EDTA buffer (1 M NaCl, 9%5SDS,
10 mM Tris—HCI, pH 8.0, 1 mM EDTA), pre-warmed & 8C,
and incubated for a few minutes at 60 °C to ensoraplete
re-suspension of the RNA-pellet in the buffer. Buspension
was transferred to a 2 ml microcentrifuge tube artfacted
with 700l of chloroform:isoamyl alcohol followed by a spin
down at 10,000 rpm for 10 min at room temperatlihe upper

45

and dissolved in 501 water, PCR Grade. The synthesis of
double-strandedDNA was monitored by running a 2% agarose
gel after measuring the yield with a ND-1000 spmatiotom-
eter (NanoDrop, Wilmington, Delaware, USA).

The problem of the RNA co-precipitation was preeghby
adding PVP K 40 ang-mercaptoethanol in the extraction
buffer as reducing reagents with CTAB as the detargand
extraction with chloroform—isoamyl alcohol insteafdphenol
to remove proteins. The problem of polysaccharm@amina-
tion was solved by using 2 M NaCl instead of lésmtl M in
the extraction buffer and 1.0 M NaCl in th&Cl-sodium
dodecylsulphate-Tris-EDTA buffer to dissolve the Riellet.
The increase of the NaCl concentration in the baffeslps to
remove polysaccharides (Fang et al., 1992) andldi=s the
CTAB-RNA complex, in order to allow more CTAB and
polysaccharides to be removed in the chloroformaetion. In
addition the precipitation step overnight-s20 °C instead of
4 °C allows high quality RNA to be recovered.

The flesh and skin yieldeti64.676.09ug g~ * FW and
86.83+6.01ug g” * FW RNArespectivehand thehighquality of
the RNA was confirmed firstly by the A260/A280 alisamce
ratio which was always above 2.0 (fle81,4+0.01; skin2.10+

phase (60Q) was transferred to a 2 ml microcentrifuge tube0.01) indicating that RNA was relatively free ofofgin

containing 1.2 ml of 100% EtOH and the RNA was jpitated
at =70 °C for 1 h. After incubation for the precipitat of
nucleic acids, the tubes were centrifuged (30 1000 rpm,
4 °C). Nucleic acids were recovered by washing Withl of
70% EtOH (v/v) and centrifuging at 10,000 rpm fomih, air
dried and re-suspended in 1Q0DEPC water. The RNA yield
was measured with a ND-1000 spectrophotometer (Neom
Wilmington, Delaware USA) and the 260/280 and 280/2
absorption ratios were verified as quality indexgsx
replications). The RNA was examined by electrophisren
2% agarose/TAE gels containing EtBr in order toeassits
integrity. Firstly, one volume of the 2x RNA loadibuffer was
mixed with one volume of the RNA sample at 70 °€1fd min.
After cooling on ice for 3 min, the samples weraded and run
on the gel in the 1 X TAE electrophoresis buffer8atV.
Doubled strand cDNA was synthesized starting wlith total
RNA, using a cDNA Synthesis System Kit (Roche)ldiaing
the manufacturer's instructions. The final pelleisvair dried

L FLESH SKIN

N e - -

contamination; and the A260/230 ratio (flegtg7+0.06; skin,
2.07+0.06) which was also higher than 2.0, indicathrag RNA
was of high purity and without polyphenol and palysharide
contamination (Logemann et al., 1987; Lopez-Gona&x)?2;
Manning, 1991). Similar results were obtained wRNA was
extracted from different apple tissues also usingestraction
buffer containing CTAB, PVP anfl-mercaptoethanol (Gasic
et al., 2004). Furthermore, the RNA integrity wasformed by
the sharpness of ribosomal RNA bands visualizegldgtropho-
resis (Fig. 1) which showed distinct 28S and 18%dba
indicating that the RNA was not degraded and wes@latively
free of RNases (Fig. 1). Similar results wersserved by
Valderrama-Chéirez et al. (2002) when they isol&8A from
ripe mango mesocarp. Finally, the RNA quality west¢d by
cDNA synthesis using the AMV reverse transcriptagi@ the
synthetic oligonucleotide, oligo (dE) primer. ThecDNA was
successfully synthesized without any amplificatiath a good
yield (1.12+0.26pg g * FW) ina totalvolume less tha&0 pl and

T L Ll L g« 28S

CUECUREEEEE MENEE =

Fig. 1. Total RNA from avocado fruit flesh and rsléeparated on 2% non-denaturing agarose gel norgaktBr and photographed under ultraviolet

light. L, RiboRuler™ High Range RNA Ladder.
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the reverse transcription products, resolved oraggsose/TAE

gelelectrophoresis, exhibited clagaands (data not shown). These

results demonstrated that total RNA obtained wasudficient
quality to be used for downstream transcriptoméyaig This is
a first report of the extraction of high quality RNMrom avocado
fruit.
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Abstract

The anthracnose pathogen, Colletotrichum gloeosporio-
ides (Penz.) Penz. & Sacc., is a major cause of disease in
the avocado industry, causing significant economic
losses, and infects all cultivars. In South Africa, cvs
Fuerte and Hass are the most widely grown. Identifica-

tion of genes differentially expressed in avocado during

infection with the fungus represents an important step
towards understanding the plants defence responses and
would assist in designing appropriate intervention strat-
egies. In this study, 454 sequencing and analysis of the
transcriptome of infected cv. Fuerte avocado fruits were
performed using the Roche 454 GS FLX Titanium plat-

form. cDNA libraries enriched for differentially

expressed genes were constructed from unharvested and
harvested avocado fruit tissues collected after 1, 4 and
24 h postinfection (early response) and after 3, 4, 5 and
7 days postinfection (late response), then sequenced.
RT-PCR was used to validate the sequencing results.
The single sequencing run produced 215 781 reads from
the transcriptome with an average sequence length of
252-300 nucleotides. A total of 70.6 megabases of
sequence data were generated and subjected to BLAST
searches from which 639 genes encoding proteins func-
tioning in metabolism, signal transduction, transcrip-
tional control, defence, stress, transportation processes
and some genes with unknown functions were identified.
Avocado is able to respond to C. gloeosporioides infec-
tion by exhibiting a sophisticated molecular system for
pathogen recognition and by activating structural and
biochemical defence mechanisms. This study represents
the first transcriptome analysis of avocado fruit follow-
ing infection with C. gloeosporioides, and the findings
are discussed in relation to the known or putative func-
tions of the gene products.

Introduction

Avocado fruit (Persea americana Mill.) is one of the
most important sources of human nutrition, and in

South Africa, production is concentrated mainly in the
warm subtropical areas of the Limpopo and Mpuma-
langa provinces in the north east of the country.
Approximately 12 400 ha are currently utilized for
avocado production in South Africa, and total produc-
tion ranges between 85 000 and 100 000 tons per
annum with 50% of the production being exported,
mostly to Europe (Donkin 2007). Most of the orchards
are planted with cvs Fuerte and Hass (74%) (Donkin
2007). Avocado, like many other crops, is susceptible
to attack by filamentous fungi of the genus Colletotri-
chum, pathogens that cause anthracnose disease.
Anthracnose is the most severe postharvest disease of

avocado fruit (Pernezny et al. 2000) and affects all cul-

tivars planted in South Africa (Witney 2002), but cv.
Fuerte is the most susceptible (Darvas and Kotze
1981). The disease reduces avocado fruit shelf life and

negatively affects fruit quality, taste and marketability

(Freeman et al. 1998; Pernezny et al. 2000).

The elucidation of gene expression profiles in the
infected tissue may bring more understanding of how
avocado fruit reacts at the molecular level to Colleto-
trichum attack and could, therefore, contribute to the
development of strategies to improve its production

and storage to reduce the effects of the pathogen. Over

the last few years, next-generation sequencing technol-
ogies have been used as powerful approaches for dis-
covering new genes and analysing gene expression
profiles in plant tissues (Mardis 2008). The sequencing
of cDNA instead of genomic DNA focuses analysis

on the transcribed portion of the genome which
reduces the size of the sequencing target space. Many
applications have been elucidated through transcrip-
tome sequencing, such as: gene expression profiling,
genome annotation and rearrangement detection to
non-coding RNA discovery and quantification
(Morozova and Marra 2008). On the basis of the high
number of reads generated per run together with the
low sequencing error rate in the contigs obtained, 454
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sequencing is well adapted to sequence the transcrip-
tome of both model and non-model plants (Barakat
et al. 2009).

Avocado is a sub-tropical fruit-tree with 24 chromo-
somes (2n = 24) and a haploid small genome size of
approximately 907 Mbp, just six times greater than that
of Arabidopsis thaliana (Arumuganathan and Earle
1991). To date, the avocado genome has not been pub-
lished, and a limited number of ESTs have been
sequenced, annotated and published on NCBI (<http://
www.nchi.nlm.nih.gov/nucest?term=persea americana>).
In this study, we focused on comparing the cDNA
libraries generated from healthy avocado fruit and fruit
infected with C. gloeosporioides, using the Roche 454
GS FLX Titanium Platform. Because C. gloeosporioides
causes quiescent infections in unripe fruit maintained by
high concentrations of preformed antifungal com-
pounds (Prusky et al.1990, 1991a,b; Domergue et al.
2000), it was necessary to include both pre- and posthar-
vest fruits in the experimental design. This comparison

enabled us to identify a large number of differentially

expressed genes. The strategy undertaken here does not
require prior sequence knowledge or genome reference
and relies exclusively on publicly available software and
basic scripting tools. To the best of our knowledge, this

is the first attempt to discover differentially expressed

candidate genes in avocado fruit following infection
with C. gloeosporioides.

Materials and Methods

Preparation of fungal inoculum

The strain of C. gloeosporioides used was isolated from
an anthracnose lesion on a cv. Fuerte avocado fruit
picked in an organic orchard in Mpmulanga province
(Giovanelli 2008). The fungus was cultured on 5%
(w/v) Malt Extract Agar (Merck). Spore suspensions
(conidia) of the fungus were prepared as described pre-
viously by Prusky et al. (1990).

Plant materials and inoculation

The experimental design included unharvested (inocu-
lated and uninoculated) and harvested (inoculated and
uninoculated) cv. Fuerte avocado fruits from Roode-
wal farm, Nelspruit, South Africa (2525¢54.62¢¢S
3056¢15.34¢C¢E). The age of the fruit was c. 240 day s
after fruit set, and fruit was collected 2 weeks before
the beginning of the normal crop harvest. For

in planta inoculations, the fruits were first surface-
sterilized by immersion in 1% sodium hypochlorite for
10 min followed by rinsing in sterile deionized water
three times and left to air dry. Afterwards the fruits
were wiped with 70% ethanol (Merck), allowed to air
dry (Giovanelli 2008), wounded and inoculated with
100 Il of C. gloeosporioides spore suspension (1 - 107
spores/ml) using a sterilized needle of 2 mm length
and 1 mm thick. The inoculated fruits were covered
with a clean, sterile plastic bag in which sterile deion-
ized water was sprayed to maintain humidity. For the
postharvest inoculation, after the sterilization steps,
the fruits were wounded and inoculated with 100 Il of

the spore suspension and incubated at 25 in alumi n-
ium trays covered with aluminium foil; humidity was
maintained by placing a petri dish filled with sterile
deionized water at the centre of each tray (Kwang-
Hyung et al. 2004). The control fruits for both unhar-
vested and harvested treatments were treated similarly
to infected fruits and were inoculated with 100 Il of
sterile deionized water. The harvested control fruit was
placed in a separate tray to prevent the spread of
infection.

Observation of Colletotrichum gloeosporioides infection
process on inoculated avocado fruits

The infection process of C. gloeosporioides was
observed by scanning electron microscopy (SEM) of
harvested and unharvested fruits using a method
described by Palhano et al. (2004).

Total RNA extraction

Total RNA was extracted from the mesocarp of avo-
cado fruit (1 g) as described by Djami-Tchatchou and
Straker (2011).

Synthesis of double-stranded cDNA from total RNA
Doubled-stranded cDNA was synthesized starting with
the total RNA (20 Ig), using a cDNA Synthesis Sys-
tem Kit (Roche, Mannheim, Germany), following the
manufacturer®s instructions. Then, cDNA of three bio-
logical replicates of each infected sample collected after
1, 4 and 24 h was pooled together for the early
response studies for early unharvested (EU) and early
harvested (EH) treatments, and the same was carried
out with the infected samples collected after 3, 4, 5
and 7 days postinfection for late unharvested (LU)

and late harvested (LH) treatments for the late
response studies.

454 Library construction and sequencing

cDNA of the control and infected samples of each
time point was used to construct a 454 library follow-
ing the supplierOs instructions (Roche Diagnostics,
Mannheim, Germany). The sample preparation was
carried out prior to sequencing, using the GS FLX
Titanium Sequencing Kit XLR70 in combination with
the matching GS FLX Titanium PicoTiterPlate Kit

70 - 75 following the supplierOs instructions (Roche
Diagnostics). Sequencing using the 454 Genome
Sequencer -FLX titanium system (Roche) followed
and then the individual samples had to be separated
based on their individual tags.

Transcript assembly and analysis

The data from the 454 read sequences of each sample
were assembled into contigs using the proprietary
Roche 454 Newbler Assembler software. Reads from
each library were assembled separately following a
combined assembly of all data from all time points to
yield contigs that correspond to transcripts. The

cDNA sequences were annotated using clc Work-
bench software (CLC bio, Cambridge, MA, USA) and
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BLAST [Basic Local Alignment Search Tool (Altschul

et al. 1990)]. Similarities at the nucleotide level were blastn
identified using blastn, and protein homologies were
identified using the non-redundant protein databases
blastx (Altschul et al. 1990). Each gene was classified
into a functional category based on the putative func-
tion played by the gene product. During the assembly
process, there were other reads that did not map with
other reads at each time point in both uninfected and
infected samples. These unmapped reads also represent
avocado genes and/or parts of the avocado genes. The
function assignment of these genes was carried out
based on homology after comparing their sequences to
the non-redundant protein databases blastx program
(data not shown). Sequences have been lodged with
GenBank.

Hierarchical clustering of gene expression data

The expression profiles of the genes obtained from
the mapped read were measured by hierarchical
clustering algorithm using Hierarchical Clustering
Explorer 3.0 software (http://www.cs.umd.edu/hcil/)
that is visualization software for interactive explora-
tion of multidimensional datasets. The hierarchical
clustering algorithm was based on the combination of
the average linkage analysis (unweighted pair group
method with arithmetic mean) and Pearson’s correla-

tion coefficient (Tang et al. 2001). All the computa-

tional details used are described in the cluster manual
available at http://www.cs.umd.edu/hcil/multi-cluster/
hce3-manual/hce3_manual.html).

Reverse transcription PCR

Reverse Transcription PCR was carried out to validate
the results of the sequencing. Total RNA (2 Ig) was
reversed transcribed using a RevertAidO Premium First
Strand cDNA Synthesis Kit (Fermentas, Life Sciences,
South Africa), following the manufacturerOs instruc-
tions. Seven primers were designed from sequences of
cDNA obtained after 454 sequencing using the
Integrated DNA TechnologiesOs PrimerQuest Tool
(http://eu.idtdna.com/Scitools/Application/Primerquest/
Default.aspx) which incorporates Primer3 software to
test the expression of seven target genes. The PCR
experiments using cDNA as template with 10 Im of
specific primer were carried out as follow: one cycle of
94<C for 3 min (initial denaturation), 35 cycles of 94C
for 30 s (denaturation), Tm of each primer for 1 min
(annealing) and 72< for 2 min (elongation). Final elon-
gation was achieved at 72<C for 10 min.

Results

Observation of Colletotrichum gloeosporioides infection
process on avocado fruits

In harvested fruits, symptoms of anthracnose had
developed by day 3 postinoculation. These symptoms
were characterized by black fruit rot and spots, as well
as white mycelial growth that developed on the
wounded inoculated and adjacent uninoculated areas.
Scanning electron micrographs of avocado fruit
showed an increased number of spores that resulted
from a successful hyphal colonization of the fruit
surfaces (Fig. 1b). At 4 and 7 days postinfection in

Fig. 1 Scanning electron micrographs of avocado fruit infected with Colletotrichum gloeosporioides. (a) Uninfected sample. (b) An increased
number of C. gloeosporioides spores shown by the arrows on the surface of inoculated fruit at 4 dpi. (c,d) Severe tissue destruction and dam-

age with some hyphae protruding out of the lenticels at 4 and 7 dpi
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harvested fruit, severe tissue destruction and damage
were observed with some hyphae protruding out of the
lenticels, which resulted in cell wall and cuticle destruc-
tion (Fig. 1c,d). In general, unharvested fruits showed
delayed, minor symptom development with little spor-
ulation, compared with harvested fruits (data not
shown). Figure 1a shows an uninfected sample with no
symptom development.

Sequencing and de novo assembly

The single sequencing run produced 215 781 reads
from avocado fruit transcriptome, with an average
sequence length of 252—-300 nucleotides. A total of 70.6
megabases (MB) of sequence data were generated
resulting in the assembly of approximately 1500 con-
tigs (Table 1); more specifically, 11.4 MB of healthy
transcriptome sequence, 11.5 MB of EU transcriptome
sequence, 8.3 MB of LU transcriptome sequence,
23.9 MB of EH transcriptome sequence and 15.5 MB
of LH transcriptome sequence.

Sequences analysis

The comparison between the healthy and infected tran-
scriptomes enabled us to identify a large number of
candidate pathogen response genes. We first deter-
mined how many times a gene was represented in each
of the libraries based on the number of reads for

each unigene count. Putative functions of each of the
genes were determined by comparing their sequence
with other sequences present in GenBank (http://
www.nchi.nlm.nih.gov/genbank/). The selection criteria
of each gene were based on the high percentage of
maximum identity (range of the percentage = 51—
100%) and its inclusion in the plant kingdom. During
the assembly process, there are certain reads called
mapped reads that align to other reads at each time
point. Of the 709 genes obtained from these reads
expressed in both uninfected and infected samples, 639
showed similarity to previously known plant gene
sequences, and 70 had no significant similarity to plant
genes in the database. The 639 sequences exhibiting
homology to plant genes could be classified based on
the function of their protein products: 358 had homol-
ogy to senescence-associated protein genes, 114 had
homology to cytochrome genes (cytochrome P450-like
TBP protein, cytochrome P450 monooxygenase,
cytochrome ¢ oxidase and cytochrome f), 102 had
homology to hypothetical protein genes, 18 showed

Table 1
Summary of sequencing and assembly

c EU LU EH LH
Number of reads 36024 35648 25046 71820 47 243
Reads fully assembled 25774 29067 21367 46200 31859
in contigs
Number of contigs 1568 2544 693 1138 1115
Outliers reads 301 178 188 827 500

C, control; EU, early unharvested; LU, late unharvested; EH, early
harvested; LH, late harvested.

similarities to genes encoding proteins involved in
metabolism, 14 showed homology to genes encoding
plant defence and stress-related proteins, nine showed
homology to transcription factor and cellular commu-
nication genes, nine had homology to expressed
protein genes, eight had homology to genes coding for
proteins involved in photosynthesis and cell structure,
and seven showed homology to genes of proteins
involved in electron transport. Of the 639 cDNA

sequences exhibiting differential expression in response

to C. gloeosporioides infection, some sequences were
selected to show their expression per time point
(Table 2). The following are notable for their likely

role in wound or defence responses. Leucine-rich
protein was up-regulated in the EU sample and down
regulated in LU and harvested samples. Cytochrome
P450 monooxygenase involved in lignification and
senescence-associated protein were up-regulated in all
the infected samples. Stress-related protein, such as
heat shock protein, was up-regulated during early
response in unharvested fruit and during late response
in harvested fruit. Transcription factor WRKY36 was
up-regulated during early response in harvested fruit
and down regulated during late response in both
unharvested and harvested fruits. Catalase showed a
slight up regulation in the EH response and down reg-
ulation in the LH response (Table 2).

During the assembly process, there were reads from
the infected samples that did not map with the reads
from the uninfected samples. These reads also repre-
sent genes and/or parts of the genes obtained and are
considered to be induced after C. gloeosporioides infec-
tion in the infected samples. These genes were classi-
fied according to their putative function after
comparing their sequences to the non-redundant pro-
tein databases blastx program. On the basis of the
protein homology in GenBank, of the 218 induced
genes, the largest set of these genes (24%) was
assigned to defence, followed by the second largest
group (17%) assigned to unclassified genes. Of the
other genes, 15.6% were found to have significant
homology to genes encoding proteins involved in sig-
nal transduction, 7.8% had homology to genes
involved in oxidative burst and energy, 6.4% had
homology to genes involved in metabolism, 6.4% had
homology to genes involved in protein synthesis, 5.5%
showed homology to transcription factors, 5.5%
showed similarity to genes involved in transportation,
and 5% showed similarity to stress-related protein genes.
Finally, 3.7% of the genes had homology to genes for
proteins involved in photosynthesis while genes
involved in regulation and cell structure constituted
the smallest group, comprising 1.8% of the sequences.
Some of these induced genes are presented in Table 2.
Mitogen-activated protein kinase (MAPK) and leucine-
rich repeat receptor-like protein kinase were expressed
in all the infected samples. Salicylic acid-binding
protein was expressed in all the infected harvested
samples. Calcium-dependent protein kinase and cal-
cium ion-binding protein were expressed in both
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Table 2
Summary of some selected candidate genes differentially expressed in avocado fruits in response to Colletotrichum gloeosporioides infection
with their different expression per time point (reads mapped to the individual transcripts for every time point)
Copies per time point
Similar sequence from Similar sequence from expressed
database BLASTn Max database BLASTX (accession Putative
Name (accession number) identity % number) E-value function Cont EU LU EH LH
gene00001 Cinnamomum camphora large 99 Leucine-rich protein [Arachis 4e-04 Signal 107 145 41 88 83
subunit ribosomal gene hypogaea] (ABH09320.1) transduction
(DQO008772.1|)
gene00609 Daphnandra micrantha 26S 96 Transcription factor WRKY36 8.7 Transcription 7 7 4 9 3
ribosomal RNA gene [Physcomitrella patens subsp. factor
eneO()lgt%Olt_)gesrzgs'Jﬁ)ob'l's 26S ribosomal Patens (XP_001775684.1)
uru ili i : ;
g RNA gene (DQ008626 1) 100 Hea_t shock prOtem [CUCUmIS 7e-79 Stress-related 2 3 1 2 3
gene00144 gr ptocarya meissneriana 26S sativus] (ADF30255.1) protein
M ya mel ! Cytochrome c oxidase subunit At
ribosomal RNA gene 98 5){; mitochondrial precursor 7e-05  Oxidation 8 19 9 22 6
(DQ008627.1) (ACN10266.1)
gene00132 Gomortega keule 26S Cytochrome P450
ribosomal RNA gene 98 monooxygenase [Pyrus 2e-06 Lignification 12 40 20 49 30
(AY095460.1) _ communis] (AAR25996.1)
gene00654 Cananga odorata large subunit Catalase [Arabidopsis thaliana]
ribosomal RNA gene CAA45564.1
(DQO08784.1) 100 ( 1) 4e-24  Defence 1 1 1 2 o0
gene00237 Arabidopsis thaliana clone
34690 mRNA, (AY087376.1)
72 Fructose-bisphosphate aldolase 2e-81 Metabolism 7 4 1 13 9
[Persea americanal]
(CAB77243.2) 9e-90
gene00307 Persea americana 99 Stearoyl-acyl-carrier-protein Metabolism 4 1 2 2 1
stearoyl-acyl-carrier-protein desaturase [Persea americana)
desaturase mRNA, (AAF15308.1)
(JAF116861.1)
9ene00665 Liriodendron tulipifera 95 Photosystem | assembly le-18 Photosynthe- 1 2 2 0 0
chloroplast, complete genome protein Ycf4 [Zea mays] sis
(DQ899947.1) (NP_043035.1)
gene00082 Peumus boldus 26S ribosomal Hypothetical ’ tein [Arabid
RNA gene (AY095466.1) 96 ypothetical protein [Arabid- 2e-48  Unknown 126 207 178 262 167
; . opsis thaliana] (BAF01964.1) ;
ene00091 Calycanthus occidentalis 26S . ! function
9 : Y Putative senescence-associated i
ribosomal RNA gene 95 rotein [Trichosanthes dioica] 6e-30  Unclassified 135 187 184 349 236
(AY095454.1) ?ABNSOOSZ b function
gene00086 Gyrocarpus americanus 26S Unknown [Zéa mays]
ribosomal RNA gene 100 (ACR36970.1) 1e-45  Unknown 68 165127 139 91
(DQ008624.1) function

C, control; EU, early unharvested; LU, late unharvested; EH, early harvested; LH, late harvested.

unharvested and harvested samples during early
response but only in the harvested infected samples
during late response to C. gloeosporioides infection.
DnaK-like chaperone protein (heat shock protein 70)
was expressed in all the infected samples. Many other
genes predicted to be involved in plant defence
response were also expressed in infected samples such
das endo-1,4-d-glucanase expressed in EU and LH

samples; endochitinase expressed in EU and in all har-
vested samples. Endopeptidase was expressed in both
unharvested and harvested samples during late
response, and aspartic proteinase was expressed only
in the harvested samples. Among proteins predicted to
be involved in proteins synthesis, elongations factor 1
was expressed in all the infected samples, and acetyl-
CoA carboxylase carboxyltransferase, involved in
metabolism, was expressed only in all the infected
unharvested samples (Table 2).

Finally, during the assembly, other reads from the
uninfected sample did not map with the reads from
the infected samples. Because genes obtained from
these reads are only expressed in the uninfected sam-

ples, they were considered to be repressed in the
infected samples after C. gloeosporioides infection.
These unassembled reads likely correspond to tran-
scripts as well, but in very low copy number. The func-
tion assignment of these genes was carried out based
on homology after comparing their sequences to the
non-redundant protein databases blastx program
(Table 3). Some of those genes expressed only in unin-
fected avocado fruit are common plant regulatory fac-
tor 6, (R)-limonene synthase, cytosolic NADP-malic
enzyme and Jasmonic acid (JA) known to be involved
in signal transduction (Voelckel and Baldwin 2004).

Hierarchical cluster analysis

Hierarchical clustering analysis was used to group
together into clusters, genes with similarity in the
expression patterns in both uninfected and infected
avocado fruits (Fig. 2). In hierarchical clustering
explorer, a black colour represents higher levels of
gene expression, whereas a white colour represents
lower levels of gene expression. Shades of grey repre-
sent the middle value or represent genes equally
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Table 3

Summary of some selected candidate genes expressed in infected avocado fruits in response to Colletotrichum gloeosporioides infection with
(1) for expressed and (0) not expressed

Name

Signal transduction
GSKRSVY03G674

GSKRSVY03G674

Accession number
of similar sequence

XP_002532559.1

XP_002521983.1

GSKRSVY03HAFMN XP_002880383.1

GSKRSVYO3HESC7
GSKRSVY03GBQJL
GSKRSVY03GQ80Y
GSKRSVYO03F8UTL

Transcription factor
GSKRSVY03GM222

GSKRSVYO3FTAOQ

GSKRSVY03GK39R
GSKRSVY03GXVL4

AAF66615.1
NP_201509.1
AAQ76042.1

AAR87711.1

NP_001152266.1
ACF60482.1

AAS68190.1
AAM63665.1

GSKRSVY03GNKZW AAD10237.1
GSKRSVY03GSUTC CAD56217.1

Oxidative burst
GSKRSVY03GYLF9
GSKRSVY03GI30U

GSKRSVY03G8YH8
GSKRSVY03GTJHX
GSKRSVYO03FT4FZ

GSKRSVYO03F44AG

Stress
GSKRSVY03GPMO0Z

GSKRSVYO03GFJISV

ACO37154.1
XP_002533075.1

AAF61392.1
ACG39782.1
BAD83480.2

YP_784442.1

ABE79560.1

XP_002514902.1

GSKRSVY03GF2U4NP 192977.2
GSKRSVY03GOQET NP_191404.2

Defence

GSKRSVYO03F3ZMXAAK15049.1
GSKRSVY03GCUDV NP_172655.1
GSKRSVY03G5UE1AAD30292.1
GSKRSVY03FQV2BBAB82473.1
GSKRSVY03HB700ADQ39593.1
GSKRSVY03GX18BABX79341.1
GSKRSVY03GNVEE ABK78689.1
SKRSVY03GNNXLCAB01591.1
GSKRSVY03FYVXX ABY58189.1
GSKRSVYO03F2JKPACG44564.1
GSKRSVY03GOAON AEE84132.1
GSKRSVY03GC6XGAAF97315.1
GSKRSVYO03FTET8XP_002527223.1
GSKRSVY03GJCY8ABA33845.1

Metabolism/photosynthesis

GSKRSVY03GZDGLABI18045.1
GSKRSVY03GP4T5AD064899.1

GSKRSVYO03F9QFM

GSKRSVY03G37BH
GSKRSVY03GALCS8
GSKRSVY03FUOFO

YP_004021302.1
ACG42565.1
ACG59771.1
AAL77589.1

Similar sequence from database BLASTx
(accession number)

Calcium-dependent protein kinase, putative
[Ricinus communis]

Calcium ion-binding protein, putative [Ricinus
communis]

Kinase family protein [Arabidopsis lyrata subsp.
lyrata]

LRR receptor-like protein kinase [Nicotiana
tabacum]

Mitogen-activated protein kinase kinase kinase
19 [Arabidopsis thaliana)

Signal recognition particle receptor protein
[Cucumis sativus]

Salicylic acid-binding protein 2 [Nicotiana
tabacum]

Basic helix-loop-helix (bHLH) transcription
factor [Zea mays]

bZIP transcription factor [Oryza sativa Japonica
Group]

Myb transcription factor [Vitis vinifera]
Transcription factor, putative [Arabidopsis
thaliana)

TATA-box binding protein [Phaseolus vulgaris]
Transcription factor EREBP-like protein [Cicer
arietinum]

ACC oxidase [Stenocereus stellatus]
Glutathione peroxidase, putative [Ricinus
communis]

Glutathione S-transferase [Persea americana]
NADH-cytochrome b5 reductase [Zea mays]
NADH dehydrogenase subunit 4 [Nicotiana
tabacum]

NADH-plastoquinone oxidoreductase subunit 1
[Drimys granadensis]

Chaperone protein dnak (heat shock protein 70)
[Medicago truncatula]

E-value

8e-25

9e-21

0.094

3e-33

7e-21

le-10

le-10

le-23

1le-08

6e-27
2e-33

3e-06
0.069

4e-21
6e-12

8e-43
9e-35
2e-16

6e-23

Stress associated endoplasmic reticulum protein, putative

[Ricinus communis]

Stress-inducible protein, putative [Arabidopsis thaliana]

Universal stress protein family protein [Arabidopsis thaliana]

Asparaginyl endopeptidase [Vigna radiata)
Aspartic proteinase Al [Arabidopsis thaliana]
Catalase 3 [Raphanus sativus]

Chitinase 3 [Triticum aestivum]

Class Il chitinase [Malus - domestica]
Cysteine protease [Vitis vinifera]

Cysteine proteinase inhibitor [Brassica rapa]
Endochitinase [Persea Americana]
Endo-1,4-d-glucanase [Persea americana]
Endopeptidase Clp [Zea mays]

Enhanced disease resistance 2 protein [Arabidopsis thaliana]

Lipoxygenase [Arabidopsis thaliana]
Oligopeptidase A, putative [Ricinus communis]

Pathogenesis-related protein 6 [Zea diploperennis]

Acetyl co-A carboxylase [Strombosia grandifolia]

Acetyl-CoA carboxylase carboxyltransferase beta subunit

[Theobroma cacao]

ATP synthase CF1 alpha subunit [Theobroma cacao]
Calcium homoeostasis regulator CHoR1 [Zea mays]

Chloroplast aspartate aminotransferase [Triticum aestivum]

Chloroplast ribose-5-phosphate isomerase
[Spinacia oleracea]

Max

Expression

identity % EU LU EH LH

68 1 0 1
45 1 0 1
73 101 1
75 101 1
60 11 1
78 1 0 1
63 o o0 1
72 1 0 0
57 1 0 o0
89 1 0 1
89 11 1
100 0 0 o0
100 11 1
88 0o o 1
79 1 0 0
73 101 1
El) 11 1
100 1 1 0
100 1 1 0
7e-19 53 1 1 1
2e-09 00 1 0 0
2e-22 77 1 0 1
8e-29 86 1 0 1
2e-20 66 1 1 0
4e-28 77 0 0 1
5e-57 76 1 1 1
2e-34 82 0 1 0
4e-06 82 1 0 0
4e-46 81 1 1 1
2e-15 75 0 1 1
2e-58 77 1 0 1
6e-48 00 1 0 0
4e-28 52 0 1 0
0.014 5. 1 0 0
4e-08 72 1 0 0
5e-09 86 0 0 1
3e-16 50 1 0 0
4¢10 8 1 1 0
le19 9 1 1 0
6e-90 99 0 0 1
8e-17 68 1 0 0
3e14 94 0 0 1
le17 64 1 0 O

.
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Table 3
Continued
Expression
Accession number Similar sequence from database BLASTx Max
Name of similar sequence (accession number) E-value identity % EU LU EH LH
GSKRSVY03F5V9Q XP_002532986.1 Flavonol synthase/flavanone 3-hydroxylase, le-04 65 1 0 0 0
putative [Ricinus communis]
GSKRSVY03GMBAO CAP12013.1 Photosystem Il protein Z [Coffea myrtifolia] 2e-06 94 1 0 1 1
GSKRSVYO3HHL3Q AAF15308.1 Stearoyl-acyl-carrier-protein desaturase [Persea 9e-20 100 0 0 1 1
americana]
GSKRSVY03F83NGAC040485.1 Terpene synthase [Actinidia deliciosa] 3e-17 58 1 0 0 0
GSKRSVY03G18AN ACG45528.1 Ubiquitin-protein ligase [Zea mays] 2e-17 76 1 1 1 0
Protein synthesis/regulation
GSKRSVYO03G8FX4BAB90396.1 ADP-ribosylation factor [Oryza sativa Japonica 5e-05 100 0 0 1 0
Group]
GSKRSVY03GSJKM ADB93067.1 Aquaporin [Jatropha curcas] 3e-31 87 1 0 0 o0
GSKRSVY03FWAUO AAM12952.1 Auxin-regulated protein [Zinnia violacea] 2e-06 53 1 0 1 1
GSKRSVY03GUM9Q XP_002528028.1 Elongation factor 1-alpha, putative 9e-51 100 11 1 1
[Ricinus communis]
Elongation factor 2 [Nicotiana tabacum]
GSKRSVY03G7MD1 CAAT71882.1 Eukaryotic translation elongation factor, 9e-15 94 0 0 1 0
GSKRSVY03G7F0Q XP_002513404.1 putative [Ricinus communis] 3e-35 89 0 0 1 0
Ribosomal protein L16 [Coffea humilis]
GSKRSVY03GX76M AAZ75913.1 Ribosomal protein S3 [Nicotiana tabacum] 0.014 100 L L 0 0
GSKRSVY03GFXL2 BAD83474.2 P 0.001 100 1 0 1 0
Transportation
GSKRSVY03GIDYK CAB41144.1 H+-transporting ATPase-like protein 3e-23 81 o 0o o0 1
[Arabidopsis thaliana]
GSKRSVYO03FW9PQ XP_002526521.1 Peptide transporter, putative [Ricinus communis] 2e-15 62 o 1 o0 1
GSKRSVY03FMG9J XP_002526529.1 Protein transport protein sec23, putative 7e-11 89 o o0 1 1
[Ricinus communis]
Cell structure and component
GSKRSVY03F6K47ADN34200.1 Annexin [Cucumis melo subsp. melo] 2e-16 70 1 0 0 0
GSKRSVY03GI44TACS28251.1 Cell division control protein [Nicotiana 2e-33 90 1 1 1 1
glutinosa]
GSKRSVY03GAQLY NP_564367.1 Integral membrane HRF1 family protein 1e-20 89 o 0o 1 o0
[Arabidopsis thaliana]
EH, early harvested; LH, late harvested; LU, late unharvested.
S k-bil
- 3 | ]-

Fig. 2 Hierarchical cluster of avocado genes obtained from the 454 cDNA mapped reads with changes in their expression profiles in response

to Colletotrichum gloeosporioides infection. The dendrogram on top lists the samples studied and provides a measure of the relatedness of
gene expression in each sample. Each gene is represented by a single column of coloured boxes, and each row represents a time point. Black
represents higher levels of gene expression; white represents lower levels of gene expression. Grey colours represent genes equally expressed.

The fold change scale bar is shown above the cluster with ratios from )2 to 2

expressed. The result shows that the joining points of
many subtrees are farther from the root. On the basis
of the fact that the similarity of the nodes or subtrees
is indicated by the distance from the root to a subtree,
there is a high similarity between each group of genes
(Eisen et al. 1998; Tang et al. 2001). In general, based
on the colour mosaic display, the expression of most
genes was up-regulated in the EU samples and down
regulated in a part of the LU- and LH-infected sam-
ples. In the EH and some LH samples, the expression
of some genes did not change when compared with the
uninfected samples.

The details of the separated hierarchical clustering
analysis (data shown in Supporting Information) of

each group of genes obtained from the 454 cDNA
mapped reads showed that senescence-associated genes
were down regulated in all the unharvested infected
samples and up-regulated in the harvested infected
samples. Genes coding for some cytochrome proteins
were highly expressed in both EU- and EH-infected
samples and were significantly down regulated in the
LU-infected samples compared with the uninfected
samples. The expression of hypothetical proteins was
high and down regulated in LU- and EH-infected sam-
ples, respectively. Proteins involved in metabolism

were differentially expressed in all the infected samples

as well, and an up regulation of the defence genes was
noticed in the EH-infected samples. Lower and higher
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expressions of genes coding for transcription factors
and proteins involved in signal transduction were
observed respectively in the LU- and EH-infected sam-
ples during C. gloeosporioides attack. Genes coding for
proteins involved in electron transport and stress
response exhibited similar expression patterns, and an
up regulation in their expression profile was observed
in the EU, EH, LH samples and a down regulation in
the LU samples. Finally, in the unharvested and
EH-infected samples, a high gene expression and a
slight down regulation in the LH-infected samples
were observed for genes predicted to be involved in
protein synthesis and photosynthesis.

Reverse transcription PCR

PCR products from avocado flesh cDNA amplified with
defence-related gene primers produced single bands of
between 100 and 200 bp, depending on the primer sets
used confirming that the sequences obtained from the
454 sequencing are those of avocado fruit (Fig. 3).

Discussion

The infection process by C. gloeosporioides was suc-
cessful as shown by SEM observation (Fig. 1). We
produced approximately 215 781 reads from avocado
fruit transcriptome in a one-quarter run with the

Roche 454 GS FLX Titanium platform. From the
anthracnose symptoms exhibited by the fruits and

the transcriptome sequencing, it is clear that numerous
genes and the products of many of these genes are
directly or indirectly involved in the interaction

between avocado fruit and C. gloeosporioides. In addi-
tion, the blastn revealed that many sequences
obtained showed similarities at the nucleotide level
(Altschul et al. 1990) with other species belonging to
the order Laurales such as Cinnamomum camphora,
Peumus boldus, Gyrocarpus americanus, Calycanthus
occidentalis and Gomortega keule. cDNA sequences

1000

300
200

100

Fig. 3 PCR products amplified from avocado flesh cDNA using spe-
cifics primers separated on 2% non-denaturing agarose gel contain-
ing EtBr and photographed under ultraviolet light. L, GeneRulerO
100 bp DNA Ladder. Lane 1, catalase (162 bp). Lane 2, endochitin-
ase (186 bp). Lane 3, pathogenesis-related protein 6 (158 bp). Lane
4, CC-NBS resistance protein (185 bp). Lane 5, pathogenesis-related
protein 5 (171 bp). Lane 6, endo-1,4-d-glucanase (121 bp). Lane 7,
actin gene (166 bp)

generated from the uninfected and infected fruits cover
various biological activities and molecular functions
indicating that 454 sequencing constitutes a power-

ful tool for sequencing the transcriptome and gene dis-
covery of non-model species such as avocado. The
expression profiles of the genes measured by quanti-
fication during assembly process and hierarchical
clustering analysis, which are two independent meth-
ods, revealed that many categories of genes were

differentially expressed in avocado fruits following
C. gloeosporioides infection.

Signal transduction genes

Mitogen-activated protein kinases are serine/threo-
nine-specific protein kinases that participate in trans-
ducing extracellular stimuli to the host genome and
would be activated after C. gloeosporioides infection to
enable pathogen recognition and to stimulate plant
responses. It has been shown that MAPKSs in several
plant species are activated during plant responses to
elicitors or pathogens (Zhang and Klessig 2001).
Because the defence signalling pathways that lead to
the plant—pathogen response are activated after elicitor
binding to receptors, it is more probably that LRR
receptor-like protein kinase and signal recognition par-
ticle receptor protein were expressed to mediate the
fungus recognition by the plant (Dangl and Jones
2001). The expression of salicylic acid-binding protein
may suggest that salicylic acid, which is involved in
the activation of various plant defence responses fol-
lowing pathogen attack, plays an important signalling
role following C. gloeosporioides infection in avocado
(Hammond-Kosack and Parker 2003). Calcium ion-
binding protein and calcium-dependent protein kinase
were also expressed, indicating Caz+ signalling activi-
ties in avocado following infection. Previous studies
revealed that the fluctuations in cytosolic Caz+levels
that are mediated by Caz+ permeable channels located
at the plasma membrane of the plant cell can serve

as a regulation of the plant response to pathogen
invasion (White and Broadley 2003).

Transcription factors

In many plant species, the transcription factor WRKY
and Myb genes expressed in avocado are strongly and
quickly up-regulated in response to pathogen attack,
wounding or abiotic stresses. Studies demonstrated
that in tobacco, multiple WRKY genes are induced
after infection with bacteria or tobacco mosaic

virus, or treatment with fungal elicitors SA or H202
(Takemoto et al. 2003).

Genes involved in stress responses

DnaK-like chaperone protein (heat shock protein 70)
and others presented in the results known to be
involved in stress response during plant interaction

with a pathogen were expressed in all the infected sam-
ples. During stress, avocado fruit would adapt its
metabolism and activate a large variety of physiologi-
cal and biochemical changes to repair damages or to
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protect their cells from the effects of stress caused by

C. gloeosporioides. For instance, heat shock proteins
70/ DnaK-like chaperone protein families are known

to be in charge of protein folding, assembly, transloca-
tion and degradation in many normal cellular pro-
cesses, stabilize proteins and membranes and can also
serve to assist in protein refolding under stress condi-
tions (Wang et al. 2004). Previous studies showed that
under biotic and abiotic stress, the transcriptome and
proteome sometimes change rapidly and dramatically
(Watson et al. 2003; Rampitsch and Srinivasan 2006).
On the basis of this fact, it could be suggested that
DnakK-like chaperone protein families were expressed
in avocado to stabilize the proteins and membranes
and to assist in protein refolding under stress condi-
tion initiated by C. gloeosporioides.

Defence response/resistance genes

Another category of genes differentially expressed in

response to C. gloeosporioides infection are genes
involved in defence response such as b-glucanases,
endochitinases and endopeptidase known to have anti-
fungal activity (Van Loon and Van Strien 1999) and
plant aspartic proteinase that exhibit antimicrobial
activity. Other genes expressed are known to be
involved in various processes of plant defence against
pathogens, such as cell death related to hypersensitivity
response, construction of a physical barrier to block

the pathogen progression, as well as systemic resis-
tance. We identified elongation factor 1 that is involved
in controlling the extent of the cell death in the defence
response and acetyl co-enzyme A carboxyltransferase
involved in the regulation of resistance gene expression
(Barakat et al. 2009). Genes that encode proteins
involved in lignin biosynthesis, such as cinnamoyl-CoA
reductase, a key enzyme in lignin biosynthesis (Kawa-
saki et al. 2006) and cytochrome P450 monoxygenases
(Barakat et al. 2009), were also expressed. It is well
established that lignification is a mechanism for disease
resistance in plants, which leads to an ultra-structurally
modified reinforced cell wall (Bhuiyan et al. 2009).

Genes involved in photosynthesis and plant metabolism
Other identified genes involved in plant metabolism

and photosynthesis were also expressed after C. gloeo-
sporioides infection. When plants are under stress
caused by fungal pathogens, their metabolism of car-
bohydrates, lipids, proteins and nucleic acid are also

affected (Agrios 2005; Baldo et al. 2010). Activation of

signal transduction network after pathogen recognition
results in reprogramming of cellular metabolism, which
leads to a large change in gene activity. For instance,
the mRNA and protein levels of ribulose-1,5-bisphos-
phate carboxylase oxygenase, in potato, are drastically
reduced by pathogen infection or elicitor treatment
(Somssich and Hahlbrock 1998). The induction of
some photosynthetic genes such as ribulose-1,5-bis-
phosphate carboxylase/oxygenase, photosystem |
assembly protein, photosystem Il protein and chloro-
plast NADH dehydrogenase, during the interaction

between avocado and C. gloeosporioides infection, may
implicate light-sensing mechanisms in the induction of
plant disease defence signalling. Previous studies
showed that there is a link between plant defences sys-
tem against pathogen and both light-sensing network
and the oxygen-evolving complex in Photosystem Il
(Abbink et al. 2002; Genoud et al. 2002). Another
functional category observed in the avocado transcript-
omes are genes encoding proteins predicted to function
in oxidation processes. Such genes may play a crucial
role in energy production during response to the path-
ogen infection. For instance, ATP synthase expressed
in avocado fruit is an important enzyme that creates
energy for the cell to use through the synthesis of
adenosine triphosphate (Thilmony et al. 2006).

Unexpressed genes

Finally, there were gene sequences that were not
expressed in infected fruit (Table 4), among which

is the gene for limonene synthase, an enzyme that
catalyses the stereo-specific cyclization of geranyl
diphosphate, the universal Cio precursor of the monot-
erpenes, to form a monocyclic monoterpene, limonene
(Ohara et al. 2003). Monoterpenes are important con-
stituents of plant essential oils, and limonene would
likely be an essential contributor to the flavour and
fragrance of avocado and its value to the cosmetic
industry (Ohara et al. 2003). Non-expression of this
gene in infected samples due to C. gloeosporioides
infection illustrates an aspect of the economic conse-
guences of the disease to the avocado industry. Malic
enzymes are involved in a number of important meta-
bolic processes requiring the conversion of malate to
NAD(P)H, pyruvate and CO:z. In plants, these
enzymes contribute to C4 photosynthesis, pH-balanc-
ing mechanisms and fruit-ripening processes (Drinco-
vich et al. 2001), and repression of the gene indicates

the negative effects of anthracnose on essential compo-

nents of avocado fruit metabolism. It would appear
from Genbank that sequences controlling induction of
JA are also not expressed in infected avocado fruits
although it has been demonstrated that it mediates
resistance to insect pathogen attack and abiotic stress
responses to wounding and ozone (Kunkel and Books
2002; Voelckel and Baldwin 2004). JA also functions
in signal transduction between pathogenicity and resis-
tance genes in many plants (Agrios 2005), but it does
not appear to be involved in signal transduction dur-
ing avocado response to C. gloeosporioides attack.

Responses in unharvested vs. harvested fruits

Most of the defence-related genes identified were
expressed in unharvested avocado fruits, which could
also explain why they developed only minor anthrac-
nose symptoms. This observation was also made

by Marimani (2011) who monitored the levels of
antifungal diene and triene compounds [(Z, Z)-1-acet-
oxy-2-hydroxy-4-oxo-heneicosa-12,15-diene and (Z, Z,
E)-1-acetoxy-2-hydroxy-4-oxo-heneicosa-5,12,15-triene]
and observed a rapid increase in these compounds
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Table 4

Summary of genes expressed only in the uninfected avocado fruits with their putative function

Accession num of Similar sequence from database Max
Name similar sequence (BLAST X) Putative function E-value identity %
GSKRSVY03GJAYX AAM21683.1 1-aminocyclopropane-1-carboxylate Lyase (metabolism) le-27 96
synthase 1 [Persea americana]
GSKRSVY03G4BFJ XP_002534067.1 Calcium-activated outward-rectifying lon transport 1e-23 83
potassium channel, putative [Ricinus
communis]
Common plant regulatory factor 6 .
GSKRSVYO03F9L77 CAC00657.1 [Petroselinum crispum] Regulation 2e-06 70
Cytosolic NADP-malic enzyme
GSKRSVY03GK9XD ABB86962.1 [Malus - domestica] Oxidation 2e-21 95
Early nodulin 93 [Zea mays]
GSKRSVYO03HEJ9S NP_001150497.1 Eukaryotic translation initiation factor Cell structure 3e-08 73
GSKRSVY03GWIXX ACN38307.1 4e [Carica papaya] Protein synthesis le-39 72
Jasmonic acid 2 [Solanum lycopersicum]
GSKRSVY03F39EF AAF04915.1 Legumin-like protein [Zea mays] Signal transduction 1e-38 66
GSKRSVY03FPBYD ACG35116.1 Nutrient Reservoir 3e-31 74
Activity(metabolism)
GSKRSVY03G4MFH XP_002533356.1  (R)-limonene synthase [Ricinus Lyase (metabolism) 3.8 66
communis]
GSKRSVYO03G7EPV XP_002521801.1 Patellin-3, putative [Ricinus communis] Transport/cell Division 6e-27 82
GSKRSVY03G27MX YP_740231.1 Photosystem Il phosphoprotein Photosynthesis 8e-43 97
[Liriodendron tulipifera]
Putative seed imbibition protein
GSKRSVY03F0YJ9 CAB77245.1 [Persea americanal Protease (defence) 2e-50 90
Seven-transmembrane-domain protein 1 .
GSKRSVY03G55F0 NP_001147686.1 [Zea mays] G protein-coupled receptors 7e-11 60

1-2 days after inoculation of both harvested and
unharvested Fuerte fruits with C. gloeosporioides

240 days after fruit set, followed by a decline within

7 days to uninoculated control or below control levels;
however, levels in unharvested fruit were higher
(Marimani 2011). Previous studies (Prusky et al.1990,
1991a,b; Domergue et al. 2000) have implicated these
preformed antifungal compounds in the resistance of
Fuerte avocado to fungal attack in unripe fruit and

the development of quiescent infections. The level of
these compounds is regulated either by its enhanced
synthesis or by the inhibition of its breakdown. In

this study (Table 3), the enzyme lipoxygenase was
expressed in unharvested fruits during the early
response to the fungal attack. A previous study
revealed that lipoxygenase is involved in catalysing the
metabolism of the diene that leads to an increase in its
levels (Prusky and Keen 1995). In addition, stearoyl-
acyl-carrier-protein desaturase (Table 2) expressed in
the infected fruits is involved in diene biosynthesis pri-
marily by increasing the level of diene precursors,
which can be converted into the antifungal diene
(Leikin-Frenkel and Prusky 1998; Madi et al. 2003). In
the biosynthesis of diene, the desaturation step is also
crucial for the creation of the multiple double bonds

in the diene and triene compounds (Madi et al. 2003).
These authors have demonstrated that induction of de-
saturases, such as stearoyl-acyl-carrier-protein desatur-
ase and lipid desaturation, is an early component of
the array of plant responses involved with defence
against C. gloeosporioides. Our study has confirmed
the activation of the enzymes involved with the biosyn-
thesis of antifungal compounds in avocado, at the
nucleotide level.

(signal transduction)

In conclusion, our research provides a first compre-
hensive survey of the biological response of avocado
fruit to C. gloeosporioides infection at the transcriptome
and molecular level. In addition, it demonstrates that
the plant has a sophisticated molecular system for path-
ogen recognition and activation of structural and bio-
chemical defence mechanisms. These findings could

contribute to the design of effective disease management

strategies to improve the resistance of avocado varieties
to anthracnose disease. For instance, one could develop
molecular markers for anthracnose resistance genes that
could be used in plant breeding to produce more
anthracnose-resistant Fuerte cultivars. However, in a
transcriptome analysis of this nature, it is essential that
the sequence reads represent the true expression level as
the PCR step in the library generation can falsify the
reads. Additional quantification is required using a
method such as gPCR. For verification of the gene
expression obtained from the transcriptome sequencing
analysis, real-time PCR (gPCR) was performed for
selected genes. Genes were selected firstly on the basis of
their putative function in plant defence and their pres-
ence revealed by 454 sequencing analysis in at least two
time points. The defence-related genes, catalase and en-
dochitinase, were chosen for gPCR, and these data will
be presented in a sequel paper that concentrates on
expression of avocado fruit genes specifically related to
defence and resistance.
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Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Hierarchical functional gene clusters obtained from the
454 cDNA mapped reads. A = senescence associated proteins,

B = cytochromes,C = hypotheticalproteins,D = proteins
involved in metabolism.

Figure S2. Hierarchical functional gene clusters obtained from the
454 cDNA mapped reads. E = proteins involved in defence
response, F = transcription factors and proteins involved in signal
transduction, G = proteins involved in electron transport and stress
response, H = proteins involved in protein synthesis and photosyn-
thesis.

Table S1. Primer sequences used in this work.

Please note: Wiley-Blackwell is not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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