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Chapter 1

Introduction and Review of Literature




Abstract
Plants are constantly exposed to intimate intevastwith a plethora of microbes and

display a complex set of interactions, which rarfigem symbiosis to diseases. The
harmful interactions detrimental to plant and plardductivity lead to multi billion
annual losses impelling the use of chemical fudigiei Pathogen populations stay
competent and dynamically change to remain divense@esponse to the constant
selection pressure from changing agro-ecologicabitmns. The crop plants are thus,
infected and parasitized with varying degrees @csjeity and severity. Considerable
efforts have thus been directed towards undersigndne molecular mechanisms
underlying plant-microbe interactions. When a pleatognizes potentially infectious
pathogens, the local defense responses are adtivasequester the pathogen away from
non-infected tissue. The recognition and defensa hpst plant to its fungal pathogen
and the ability of the pathogen to overcome thetfdadefenses, constitutes a complex
and dynamic interactive molecular network. Inductiof these molecular responses
necessitates up- and down-regulation of numerotivdény specific genes. Differential
large-scale gene expression analysis in plant-gatihanteractions has resulted in
identification of several defense related trangsrifRoset al, 2004; Fernandeet al,
2004). Direct or indirect role of these genesantoolling pathogen invasion to the plant
tissue is also demonstrated in a few cases. Howthesge studies are mostly restricted to
model plants and some of the crop plants suchssaga, sugarcane, tomato, rice, coffee
etc (Durrantet al, 2000; Matsumur&t al, 2003; Torrest al, 2003; Carmonat al,
2004; Zanget al, 2004; Feranades al, 2005; Kempet al, 2005).

One of the most important diseases affectingkg@a is Fusarium wilt, caused
by the soil borne fungususariumoxysporunt spciceri (FOC), a root pathogen, which
colonizes the xylem vessels and blocks them comlylétading to wilt (Batemaet al,
1996). Several studies have demonstrated thattiofegvith F. oxysporumpreceeds
various chemical and biochemical changes in chig®tevensoet al, 1997; Armero
et al, 2001). However, information about genetic fagtibrat determines the outcome of

interactions betweeR. oxysporunmand chickpea roots needs a further detailed study.



1.1.Cicer arietinum L., the host plant

Chickpea are the third most important legume crap worldwide production of about
9.2 Mt (Million tones) (Fig. 1.1). In India chickps are the most important legume crop
as revealed by the India’s contribution (accoutis~<60%) towards the world’s total
production as well as area under cultivation (6#806usand hectares) (Fig. 1.1)

(http://faostat.fao.ong Though, chickpeas are grown and locally consyrretia is also

the world’s largest importer of chickpeas accoumtiar about 20% of global imports

(Sourcehttp://faostat.fao.ong These figures reflect on the growing demand:fockpea

as well as the immense strain on crop productichyaid.

1.1.1. Morphology
Chickpea Cicer arietinumL.) has a deep tap root system, which enhancesjiacity to

withstand drought conditions; it is well adaptedateas having relatively cooler climatic
conditions and a low level of rainfall. The aenmartion is profusely branched, erect or
spreading, reaching a height of 0.2-1 m, appeajiagdular pubescent, olive, dark green
or bluish green in color. Leaves are imparipinngtandular-pubescent with 3-8 pairs of
leaflets with rachis ending in a terminal leafle¢aflets are ovate to elliptic, 0.6-2.0 cm
long, 0.3-1.4 cm wide; margin serrate, apex acuteit@ aristate, base cuneate; stipules
2-5 toothed or absent. The inflorescence consissolitary flowers, sometimes 2 per
inflorescence and borne on 0.6-3 cm long pedundle) mm long calyx; while the
bracts are triangular or tripartite; the corollaDi8-1.2 cm long and varies from white,
pink, purplish (fading to blue), or blue. The staalicolumn is diadelphous (9-1) with a
sessile, inflated and pubescent ovary (Duke, 1@8bero, 1987; van der Maesen, 1987).
The seeds (1-2 or maximum 3) are contained in awloidh is rhomboid ellipsoid,
inflated and glandular-pubescent. The seed coloeydrom cream, yellow, brown,
black, or green. Seeds may be rounded to anguldr &ismooth or wrinkled, or
tuberculate seed coat, which is laterally compiksgéh a median groove around two-
thirds of the seed forming a beak at the anteend; during the cryptocotylar
germination cotyledon tips remain in the seed cmatintimate contact with the
endosperm (Duke, 1981; Cubero, 1987 van der Mad8&7).

1.1.2. Center of origin and distribution
Chickpea is an ancient crop that marks its origell wefore 10,000 B.C. when it was

used by the ‘hunter-gatherer’ for sustaining tremmunities. The regions of Turkey
and the ancient city of Jericho domesticated tmep caround 7,500 B.C., which is

considered as its centre of origin by Ladizinsky©75) while van der Maesen (1987)
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recognized the southeastern part of Turkey adjqgirByria as the possible center of
origin of chickpea based on the presence of thsetjorelated annual species,
reticulatumLadizinsky andC. echinospermurR.H. Davis.C. reticulatumis regarded as
the progenitor of cultivated chickpe€, arietinum which although morphologically
resemble each other (Ladizinsky, 1975).

Botanical and archeological evidence shows thaickpkas were first
domesticated in the Middle East and were widelyivatied in India, Mediterranean area,
the Middle East, and Ethiopia since antiquity. he tNew World, it is important in
Mexico, Argentina, Chile, Peru and the U.S. and atsAustralia. Wild species are most
abundant in Turkey, Iran, Afghanistan, and Cen&sih (Duke, 1981). Chickpea was
brought to the Western Europe and was known in naaags in the Bronze Age, most
popularly, Italy and Greece. People in these regmmsumed chickpea in various forms
like roasted as snacks, raw, carbonized or in biddmy past writings have also been
found telling the uses and importance of chickpeath medical and as a food crop.
With time, many other varieties of chickpea wergaleped as it spreads in many areas
of Asia and Australia. During the First World W&ermany cultivated chickpea as a

coffee substitute.

Chickpea has majority of its cultivation in dryeas of the Indian subcontinent
(Saxena, 1990) and India is the principal chickpeaducing country with a share of
90% in this region. Presently, the most importdntkpea producing countries are India
(63%), Pakistan (9%), Turkey (6%), Iran (4%), Mex(8%), Myanmar (3%), Ethiopia
(2%), Australia (2%), and Canada (1%).

1.1.3. Season

The yields from chickpea is maximum when grown andy, loam soils having an

appropriate drainage system as this crop is vargittee to excess water. The production
of chickpea or ‘chana’ is also affected in excessigld conditions. Chickpea is sown in
the months of September to November in India arwmsidered as a rabi crop. The desi
type chickpea reaches physiological maturity byl95-days and Kabuli type by 100-

110 days. The plant is harvested when its leawas dtying and shedding and can be
done manually or with the help of a harvester. ridid, it is harvested in February,

March and April. This crop is often cultivated asa@e crop but sometimes it is also
grown rotationally with other crops such as sorghpear millet, wheat and coriander.

Pale yellow, dark brown or reddish chickpea are esa@hthe varieties that are grown

today.



1.1.4. Nutrition
Chickpea Cicer arietinumL.) belongs to the family leguminosae and is comiyo

known as Chana, Bengal gram or garbanzo. It idfgpslinating plant with a diploid
genetic content of 2n=16, with a C value of 1C=98pMChickpea is mainly employed
for human consumption and also a small proporteym§ the part of animal and poultry
feed. Chickpea has one of the highest nutritionatositions of any dry edible legume
and is not reported to contain any specific majuti-autritional factors (Williams &
Singh, 1987). On an average, chickpea seed contaB8% protein, 64% total
carbohydrates, 47% starch, 5% fat, 6% crude fi6%,soluble sugar and 3% ash. The
mineral component is high in phosphorus (340 mg/@pO0calcium (190 mg/100 g),
magnesium (140 mg/100g), iron (7 mg/100 g) and Zmg/100 g). Chickpea protein
has the highest digestibility when compared to otthey edible legumes. The lipid
fraction is high in unsaturated fatty acids, priityalinoleic and oleic acids. They are
also a good source of calcium, magnesium, potassphmosphorus, iron, zinc and
manganese (lbrikciet al, 2003). Chickpeas do not contain as high amouwfts
isoflavones as soybeans do (USDA-ARS, 2004), batige more beneficial carotenoids
such asp-carotene than genetically engineered “Golden RIicHius, chickpea is
considered a functional food or nutraceutical (Agag 1991; Mcintosh & Topping,
2000; Charleset al, 2002). While it is a cheap source of protein amergy in the
developing world, it is also an important food te taffluent populations to alleviate
major food-related health problems. However, m@&search is necessary to elucidate
and extend the food and nutraceutical benefit & tmportant food legume through

breeding.

Having a capacity to stand in drought conditiotiss crop doesn’'t have the
requirement of being fed with nitrogen fertilize@hickpea through its BNF (Biological
Nitrogen Fixing) capability meets 80% of its nitesgrequirement and can fix up to 140
kg N/ha from air. It leaves substantial amountesfidual nitrogen behind for subsequent
crops and adds much needed organic matter to nragma improve soil health, long-
term fertility and sustainability of the agro-ecetams.

Commercially, the species is grouped into desia{sneolored seed coat) and
kabuli (large, white or cream seed coat) types.aTcertain extent this classification
overlaps with the macrosperma and microsperma @aogosed by Moreno and Cubero
(1978). Classification also reflects utilizationheveas kabulis are usually utilized as
whole grains, desis as whole seeds, de-hulledsglital) or flour. Seeds are ground to

flour and used in confectionery. Young shoots aegrpods, shelled for the peas and
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eaten as a snack or vegetable. Chickpea is alserkfar its use in herbal medicine and
cosmetics. An acrid liquid from the glandular hafghe plant is collected by spreading
a cloth over the crop at night, which absorbs thedation with the dew. The exudate
contains about 94% malic acid and 6% oxalic acttliarused medicinally.

Kabuli x desi crosses are used in many breediagrams to combine genes for
cold tolerance, bold seededness, resistance tochAgto blight and long vegetative
growth more frequently found in kabuli types, whigeenes for heat and drought
tolerance, resistance to Fusarium wilt and eadwéring contributed by the desi types
(Singh, 1987).

1.1.5. Yield and losses

The potential seed yield of about 5 t/ha has beported in chickpea. However, the
realized seed yield hovers around 850 kg/ha (wawktagex 0.8 t/ha, FAOSTAT, 2005)
which has stagnated over the years (Fig 1.2). Sefibiotic and abiotic stresses reduce
the yield and yield stability leaving room for ontyarginal improvements. This affects
development of widely adapted cultivars and suslo#ipt to several biotic and abiotic
stresses. Generally the crop produces excessivetatag growth under high input
conditions and is unable to translate the biomateshigh seed yields. The major abiotic
constraints to productivity include drought, heat)d and salinity and the key biotic
constraints are Ascochyta blightAqcochyta rab), Fusarium wilt Fusarium
oxysporurp Dry root rot Rhizoctonia bataticola Botrytis grey mould Botrytis
cinereg, Collar rot Sclerotium rolfsi, Root-knot nematodeMeloydogyne incognita
andM. javanicg, Stunt-virus, Pod boreHglicoverpa armigerp and Cutworm Agrotis

ipsilon).

Amongst the causal agents of biotic stresses, tabdufungi, 3 bacteria, 22
viruses and 80 nematodes have been reported okpehi¢Nenest al, 1996) but only
few of these cause economically important dise@idaware, 1998). There has been an
increase in different chickpea pathogens like fubgcteria and viruses over a period of
past 17 years. The maximum number of pathogendé&as reported from India alone
with the number rising to 89 pathogens in 1995 fR#rin 1978 (Nenet al, 1996). The
insectHelicoverpa armigeravhich feeds on foliage, flowers and developing seedthe
most important pest of chickpea, while stunt is thest important and prevalent viral

disease in most chickpea growing regions of thdavor



Figure 1.2: The potential seed yield of about 5 t/ha has begrorted in chickpea.
However, the realized seed yield (productivity) ésvaround 850 kg/ha (world average
~ 0.8 t/ha, FAOSTAT, 2005) which has stagnated akeryears. The huge unrealized
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1.1.6. Diseases
Among the economically important fungal diseasestotkpea are root diseases like

Fusarium wilt and root rots caused by a complegaif borne fungi, foliar diseases like
Ascochyta blight and Botrytis gray mould, of whietilt and blight are the most
devastating diseases affecting chickpea in tromca temperate regions, respectively.
Especially Ascochyta blight and Fusarium wilt, poorer, drought and cold are major
constraints to yield improvement and adoption o ttrop by farmers. Therefore,
improving resistance to biotic and tolerance tooabistresses as well as a general
increase in dry matter are major aims of chickpeaders around the world.

1.2.Fusarium oxysporum f. sp. ciceri- the chickpea wilt pathogen

1.2.1. Classification:
Classification and identification schemes fdéiusarium are traditionally based

exclusively on a morphological species conceptveerifrom cultural characteristics,
shared morphological trait of the anamorph, hosigea and to a lesser extent,
teleomorph micromorphology (Booth, 1971). The systics of Fusarium remains
controversial and confusing (Gams and Nirenberg3919 due to the conflicting
morphological species concepts employed in taxoadreatments of this genus (Booth,
1971; Gerlach and Nirenberg, 1982; Nelsbml. 1983). Gerlach and Nirenberg’s system
(1982) is the most differentiated, including 73@pe and 26 varieties; while 44 species
and 7 varieties have been recognized by Booth (18id, 30 species by Nelsen al.
(1983). On the other hand, in more recent timeseowéar systematics, based on discrete
DNA sequence data, offers an objective, phylogeakyi based system of classification
for Fusariumand its teleomorphs (Bruret al. 1991). Previous investigations employing
cladistic analysis of DNA sequences from multipldinked loci in Fusarium species
have revealed the utility of gene phylogenies md@rfrom mitochondrial small subunit
(mtSSU) rDNA, nuclear 28S rDNAj-tubulin gene and nuclear translation elongation
factor Jo (O’'Donnellet al. 1998; Baayert al, 2000), however, nuclear rDNA ITS gene
tree was found to be composed of non-orthologogaeseces (O’'Donnell and Cijelnik,
1997).

1.2.2. Habitat and host range:
Fusarium is a large cosmopolitan genus of pleoanamorphichbyypcetes whose

members are responsible for a wide range of plast¢ades (Faret al, 1989),
mycotoxicoses and mycotic infections of humans atiter animals (Nelsort al,
1994). The specidsusarium oxysporurs well represented among the soil borne fungi,

in every type of soil, all over the world (Burge4981) and is considered to be a normal
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constituent of the rhizosphere of plants (Appel &wkdon, 1994). Some strains of
Fusarium oxysporumare pathogenic to different plant species; theyraipe by
penetrating into the roots and causing either rotst or tracheomycosis by invasion of
the vascular system, causing wilt and sudden dg#iadase leading to severe economic
damages to many crop species. Typically the vasgilacausingFusarium oxysporum
species invade only living root tissues, tend tospecialized or host specific, and
suppressed by saprophytes (Hillocks, 2001). Depgndn the plant species and plant
cultivars infectedFusarium oxysporums classified into more than 126rma speciales
(Armstrong and Armstrong, 1981) and further sulgions into races are often made
based on their virulence to a set of differentiasthcultivars (Cornell, 1991). However,
the genetic basis of host specificity (forma spesigand cultivar specificity (pathogen
races) ofF. oxysporums not understood (Baayet al, 2000). The presently accepted
classification for the Fusarium wilt pathogEasarium oxysporurh sp.ciceri is: Form-
class: Fungi Imperfecti, Form-order: Moniliales,rfrefamily: Tuberculariaceae, Form-
genus:Fusarium Form-speciesoxysporumforma specialigiceri. Fusarium oxysporum

f.sp. ciceriis reported from most of the chickpea growing area

1.2.3. Fusarium life cycle
Insight into the life cycle of wilt pathogens is portant to understand their survival,

causation of disease in a spatial framework aretactions at the host-parasite interface
leading to disease resistance or susceptibilityckBan and Roberts (1995) have
addressed these topics and proposed a model erpglaihe interactions between
vascular wilt causing pathogens and their hosttplawherein, the pathogens have
distinct saprophytic and parasitic phases in tliercycles. The life cycle of soil-borne,
wilt causing fungi including their saprophytic apdrasitic growth and successive phases
of colonization and pathogenesis is representeldigare 1.3. There are three distinct
phases in the pathogen lifecyd)eDeterminative Phasea) Expressive Phase arid)
Saprophytic Phase. In the determinative phase xbkentof colonization of the host
vascular system is determined, while in the expregshase mainly disease symptoms
are developed, and the saprophytic phase is cleaimed by the survival of the pathogen
by formation of long-lived resting structures. Dhgidisease congenial conditions, the
pathogen after invasion of the root tissue, acguignificant cortical colonization, then
it enters the second phase of vascular invasionspreads along with the transpiration
pull. The spread and colonization of the xylem weesdy the pathogen plugs the
conducting vessels leading to disruption of watatake by the plants and thus causes
wilting in the susceptible plants.
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1.3. Wilt: The disease

1.3.1. A chronological over view
Wilt in chickpea was first reported by Butler in18 McKerral (1923) who considered

the disease to be soil borne and the putative tauganismFusariumspp. were isolated
from the soil samples analyzed. An associatiorrugarium spp. andMacrophomina

phaseolina(Tassi) Goid, with wilted plants was reported byré&imhan (1929) and
Dastur (1935). However, the latter could not prgwathogenicity of the isolated
Fusariumspp. and concluded that wilt was due to abioti¢oiac(Dastur, 1935). Later
300 Fusariumisolates were identified, isolated and classifigd inon-pathogenic types,
wilt causing types and seed rotting types by Pramad Padwick (1939) who also

identified Fusariumspp. to be the causal agent of chickpea wilt.

1.3.2 Disease management
Fusarium wilt, caused biyusarium oxysporunisp. ciceris (FOC), is a major constraint

to chickpea production worldwide (Jalali & Chan@92). Annual chickpea yield losses
due to Fusarium wilt vary from 10-15% (Trapero-Ga&alimenez-Diaz, 1985; Jalali &
Chand, 1992), and at times under specific conditiercapable of completely destroying
the crop (Halila & Strange, 1996).

1.3.3. Cultural practices
As chickpea wilt pathogen is monocyclic the FOC ydapon in soil persists due to the

longevity of reproductive units and thus makesfftallt to eliminat them from wilt sick
fields (Hawareet al, 1986; 1996). Chickpea wilt has been reportedntoease with
increased levels of soil inoculum. Occurance oft wikease, its severity and disease
progression is directly proportional to the densifythe pathogen population. Presence
of high levels of FOC propagules leads to 100%imgltmuch earlier than lower initial
levels of FOC propagules (Bhatti and Kraft, 199Phus it may be possible to early
forecast the severity of diseases induced by switd pathogens by assessing the initial

pathogen population (Fry, 1982).

Avoidance of planting in heavily infested fieldsadvised to minimize the effects
of wilt disease; however, availability of land islimiting factor in Indian conditions.
Moreover, as the pathogen can survive in soil émger periods (Hawaret al, 1996)
crop rotation, is not an effective practice forueithg wilt incidence. On the other hand,
cultural practices like deep ploughing during summued removal of host debris from
the field can considerably reduce inoculum lev8islarization (covering the soil with
transparent polythene for 6-8 weeks during summenths) is known to effectively
control wilt in chickpea (Chauhagt al, 1988). However, it is not a practical option in
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India as the poor farmer is already strapped feoueces. Control of seed transmission
of wilt can be achieved by using disease free salatdjined from plants grown in disease
free areas. The seed-borne inoculum can also b&olled by seed dressing with
fungicides like Benlate-T (benomyl 30%-+thiram 30%)0.25% rate (Hawaret al.,
1978).

1.3.4. Biocontrol
The most effective and practical way to manage vsltto use resistant cultivars

(Jimenez-Diazt al, 1991, Jalali & Chand, 1992; Kradt al, 1994; Jimenez-Gascet

al., 2004). However, occurrence of pathogenic racdQC curtails the effectiveness of
host resistance. Seven FOC races (0-6) have beetifidd (Haware & Nene, 1982;
Jimenez-Diazet al, 1993). Races 1-4 were first described in IndHaware & Nene,
1982). Later, race 0 was reported in California A)Ssrael, Lebanon, Spain, Syria,
Tunisia and Turkey; and races 1 and 6 were ideaqtifn California, Israel, Morocco and
Spain. Cultivation of varieties possessing resiato specific races of the pathogen
prevalent in a region or locality is the most eqoiwal disease management strategy
(Jalali and Chand 1992). Genetic analysis has atelicthat resistance to wilt race 1 is
governed by (a) single gene (Kumar and Haware 19B2jwo genes (Upadhyays al,
1983a; 1983b) and (c) three genes (Sieghal, 1987). Partially recessive alleles in
homozygous form at either of the first two loci ahé dominant allele at the third locus
delay wilting (Table 1.1), but any two of these=ldk together confer complete resistance
(Singhet al,, 1987).

The use of biological control using either baeteor fungal antagonists may
enhance the effectiveness of resistant cultivarsnfanagement of Fusarium wilt in
chickpea. Biological control by non-hoBt oxysporumisolates (Ogawa & Komada,
1985; Paulitzet al, 1987; Mandeel & Baker, 1991; Alabouvegtieal, 1993; Herva®t
al., 1995; Larkinet al, 1996; Fuch®t al, 1997; Herva®t al, 1997) and incompatible
races of the sanferma specialigBiles & Martyn, 1989; Martyret al, 1991; Herva®t
al., 1995) is seen as a promising strategy for manage of Fusarium wilt diseases.
Hervaset al (1995) showed that prior inoculation of germimiatdickpea seeds with
either incompatible FOC races or non-hesbxysporunisolates can suppress Fusarium
wilt caused by the highly virulent FOC race 5. Rertstudies (Hervaet al., 1997; 1998)
supported the potential of the non-héstoxysporumisolate F090105 as a biocontrol

agent against Fusarium wilt of chickpea.
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Various mechanisms are involved in the biologicahtrol of Fusarium wilt
diseases by non-hoBt oxysporumisolates, these include saprophytic competitian fo
nutrients; parasitic competition for infection siteand enhanced resistance due to rapid
induction of defense responses within the host r{8icler, 1984; Alabouvette, 1986;
Matta, 1989; Mandeel & Baker, 1991; Fu@isl, 1997).

These mechanisms may function in parallel andnectssarily exclusive of one
another, and several other mechanisms are spetulatbe responsible for disease
suppression by many biocontrol agents (Mandeel &eBal991). In previous studies, it
was shown that certain plant defense responseselyapmytoalexin synthesis and
accumulation of chitinase arfiil,3-glucanase activities, may be involved in tloe-n
host resistance of chickpea against non-Rostxysporumsolates (Armeret al, 1993;
Cabello, 1994; Armero, 1996). Later, Stevensoral (1997) concluded that chickpea
phytoalexins (the pterocarpans maackiain and memigaare fundamental components

of the resistance mechanism of this plant to Fusawilt.

1.4. Host responses to pathogen

1.4.1. Resistance mechanisms
Several different kinds of resistance mechanisraseahibited by the plants, which are

more or less regulated via different genetic frams. Additionally, there are several

different definitions of the forms of resistancdjioh have been changed over a period.
The four categories i) escape, ii) tolerance r@pistance and iv) immunity, described by
Chahal and Gosal (2002) are fairly descriptivehef ¥arious mechanisms that influence

the occurrence and severity of disease from ayielg perspective.

Escape: The mechanism relies on avoidance of contact Wiéhdisease causal agent.
Abscission of diseased leaves or growth and flavgedarly in the season are examples
of escape mechanisms. The escape strategy carbalsdilized to some extent by
agronomical practice, like early or late plantinglahe use of fertilizers (Barbett al,
1975; Chahal and Gosal, 2002). Deployment of eaxdyuring varieties is one of the

regular practices in several crops.

Tolerance: Here although the plant may show some visibleadisesymptoms, it does
not suffer any adverse effects from infection, whthe pathogen also is able to
reproduce. A variant of tolerance is recovery, whar diseased plant is restored to
healthy status by various planta mechanisms. Examples include the woody plants,

which form new xylem tissue arouMerticillium-infected tissues (Hiemstra, 1998).
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Table 1.1: The genetic constitution and Fusarium wilt to rdcesactions of chickpea

cultivars
Cultivar ICC# Genetic Wilt reaction
constitution

JG-62 4951 Hi HiH,Hxhs g Early-wilting
K 850 5003 hy hy HoHz hs hg Late-wilting
C 104 4928 Hy Hihohohs hs Late-wilting
H 208 4954 H; HiH2H2H3 H;  Late-wilting
WR 315 8933 hy mhahohs hg Resistant
CPS1 10130 hy hyhohahs hg Resistant

P 436-2 554 h; hyhohohs hg Resistant
BG 212 11088 hy hyhohahs hg Resistant
JG-74 6098 hy mhahohs hg Resistant

(http://www.icrisat.org/ChickPea/Pedigree/Chickpéaimtmaccessed on 29-07-07)
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Resistance: It is a hereditary capability to limit pathogerogth. Resistance does not
necessarily imply complete abolishment of pathageivity. The common distinction of
different forms of resistance is the vertiGld horizontalresistance (Parlevliet and
Zadoks, 1977; Vanderplank, 1984), effective agatli$eérent pathogens, depending on
their life style and reproductive strategies (McBlohand Linde, 2002). In vertical
resistance the plant has ability to completely bltne pathogen growth, the determinant
of virulenceof the pathogen. Vertical resistance is further-dwided into race-specific
resistance, where the resistance is active agsomsé genotypes (races) of the pathogen,
but not all races; while race non-specific resistais the ability to block all known
isolates of a pathogen, but where some plant gpestghow susceptible phenotype
(Hammond-Kosack and Parker, 2003). Vertical reststacan be due to the presence of a
resistanceR) geneaccording to the gene-for-genesistance model (Flor, 1947) where
the plantkR gene recognizes a pathogen aviruleog)(gene, leading to a rapid response

and resistance.

Horizontalresistance limits the disease progression of a vadge of pathogen
genotypes, the determinant of aggressivemésbe pathogen. Horizontal resistance is
often inherited as quantitative trait loci (QTL3his type of resistance can be governed
by multiple factors, and is in some cases refetceds ‘basal resistance’ (Hammond-
Kosack and Parker, 2003), which can be confusingesinduced resistance due to
recognition of non-specific pathogen components tkitin or flagellin often is referred
to as ‘basal resistance’ (de Toretsal, 2006). The horizontal (“basal”) resistances can
also be governed through non-induced componengsgdtkysical characteristics of the
plant, toxin resistance and its chemical compasi{ice. the chemical structure of its
antimicrobial secondary metabolites, like glucoktes, phytoalexins, oxylipins etc.).
Horizontal resistance does not breakddike gene-for-gene type resistance, but may

erodeover time.

I mmunity or non-host resistance: As all pathogens are not able to attack all plathies,
events where all interactions between all genotyppespathogen and all genotypes of a
plant are incompatible (= no disease develops)dasiggnated as immunity or non-host
resistance. There have been many hypotheses abeutnechanisms of non-host
resistance +4) the pathogen fails to recognize the plant as anpetl host,i) the plant
contains multiple R genes” or R genes” targeting indispensable structures of the

pathogen, which makes it virtually impossible foe tpathogen to break the induced
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resistance of the plant (Hammond-Kosack and Pag@f3; Holub and Cooper, 2004),
iii) the pathogen lacks the appropriate virulence facod is thus unable to overcome
the basal resistances of the non-host (Holub arup€¢2004).

1.4.2 Defense responses
Active plant defense against invading pathogersiseved by recognition of pathogen

followed by changes in structural and biochemiaainponents that are differentially
regulated depending on the incoming stress. Peoceptf both general and specific
pathogen-associated molecules triggers defenseormesp via signal transduction
cascades and transcriptional activation of numegaumes. Active defense responses are
being elucidated in various plants, which inclugdgciim and ion fluxes, increase of
reactive oxygen species (ROS) during the oxidabwest (Lamb and Dixon 1997) and
hypersensitive cell death (HR) (Greenberg 1997% @kpression of transcription factors
and protein kinases, as well as elevation in cyiosalcium, is integral to the signalling
of these defenses (Grant and Mansfield 1999). Kipeession of various defense genes
also leads to the production of antimicrobial coommis such as pathogenesis-related
(PR) proteins (Van Loon and Van Strien 1999) andngipropanoids (Dixoret al
2002).

The numerous defense responses vary in their gimmanging from rapid
responses, such as HR and callose depositionswidl by induced defenses like the
salicilic acid (SA)- or methyl jasmonate (MeJ)-imed antimicrobial peptides. One of
the rapid responses against the pathogen is deposit callose that work as a barrier
against pathogens that try to penetrate the cdllliamts nutrient leakage from the cell,
thus being efficient against both necrotrophs aottdphs (Florset al, 2005). However,
callose deposition is reported to negatively inflce SA accumulation which leads to the
counter-intuitive result that loss of callose sy#h can result in enhanced resistance
against some biotrophic pathogens (Vogel and Sateer2000). Other modulations of
the physical barriers against the pathogen are ladsovn, such as lignification and

thickening of the cell wall.

A long lasting resistance is then achieved bypllaat, such as systemic acquired
resistance (SAR), which in essence keeps the plamtlert to defend itself from future
attacks (Grant and Lamb, 2006). Grafting studiesehshown that SAR requires SA
locally. The mobile signal still remains elusiveytlis dependent on a lipid transfer
protein (Maldolandoet al, 2002). Another induced resistance requires EN,add

(cytosolic) NPR1 is referred to as induced systemegistance (ISR), a long lasting
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response triggered by non-pathogenic rhizobactesiéch is not associated to elevated
levels of pathogenesis-related (PR) proteins (Retet al, 2001). ISR is, in many
respects, to be regarded as a priming of defensehdgenet al, 2004), similar to
BABA (p-amino-butyric acid)-induced resistance (BABA-IBBABA-IR is, however,
dependent on the SAR or an ABA-dependent signalldegpending on pathogen (Ton
and Mauch-Mani, 2004).

The main function of many of the classes of pa¢inegis related (PR) proteins
(van Loon and van Strien, 1999) is to weaken tHeweall of the pathogen, such as
glucanases, chitinases, osmotin (Narasimgtaal, 2003), cyclotides (Kamimoet al,
2005), defensins (Thomnw al, 2002) and thionins (Carrasebal, 1981), or to inhibit
their ability to degrade plant tissue via enzymkibitors such as proteinase inhibitor
(cyclotides) or amylase inhibitor (some defensiasfvity. The defensins show target
specificity to different types of cell walls and pgar to interact with them using
electrostatic interactions. The subsequent memhieneption may, however, not be the
only mode of action of this group of proteins, lbather includes disruption of RNA,
DNA or protein synthesis (Thommet al, 2002). Over expression analyses of a pea
defensin and a pea pathogen-responsive dirigentlyfaiignan/lignin biosynthesis)
protein in B. napus background displayed enhanced resistancel.tomaculans
illustrating the functional role of these classés pathogen-responsive proteins in
resistance (Wangt al, 1999). Some of the PR proteins may also actlivext induction
of cell death (Narasimhagt al, 2001), possibly also as an effect of severeleakage
over the cell wall. Despite confirmed antimicrobgativitiesin vitro, most PR proteins

only give a moderate effect on resistance when expressed (van Loaat al, 2006).

The intracellular receptors are characterized lglaotide-binding and leucine-
rich repeat domains [so-called NB-LRR (“Nibblerjopeins] (Dangl, 2007). NB-LRR
proteins are structurally analogous to the animaDDWNLR/CATERPILLAR
superfamily of intracellular proteins and also astmicrobial sensors. Plant NB-LRR
proteins are activated upon delivery of a virulefaor into the cell’s interior by viral,
bacterial, fungal, oomycete, or insect pathogeosdd and Dangl, 2006). Activation of
NB-LRRs leads to a faster and stronger respongecsmainclude rapid cell death at and
surrounding the infection site. Improper activatioh this output response could be
dangerous leading to cell death, stunting of ptaoivth, and resulting in loss of seed
yield (Zhanget al, 2003; Heidelet al, 2004). Hence, the plant immune system must

differentiate between a harmless or helpful micrabhd a pathogenic one, and translate
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that recognition into an appropriately graded outdthe output is controlled in the
nucleus by plant-specific transcriptional regulatanany of which are members of the
WRKY family (Euglem, 2005). NB-LRR proteins inhabé variety of subcellular
locations, from the inner face of the cell membrémehe cytosol (Jones and Dangl,
2006). In tomato, the resistance gehdsl, I-2 andl-3 have been described (Huang and
Lindhout, 1997). One of thesk? , has been cloned and belongs to a large group of
genes that encode intracellular proteins with matade binding site (NBS) and leucine-
rich repeat (LRR) domains (Simoasal, 1998). Thid-2 gene is specifically expressed
in tissue surrounding xylem vessels (Metsal, 2000), suggesting that resistance to
xylem colonizingF. oxysporurmis (mainly) mediated by xylem contact cells, whishn
accordance with earlier histological observatioBeckman and Roberts, 1995). These
contact cells are likely to respond to avirulengetdrs that are secreted by the fungus in
xylem sap. More recently, the Xa27 a novel R proteas cloned from rice (Get al.,
2005) that does not share homology with other Remme. Interestingly, expression of
the resistanXa27 allele occurs only in the vicinity of tissue infed by Xanthomonas
oryzaepv. oryzae The identification of Xa27 marks the first exampif a differentially

expressed R protein whose induction specificityades resistance.

1.4.3. Defense responses in chickpea
In chickpea too, there have been attempts in stgdsie transcriptional profiling of

certain potential defense-related genes #tembieiinoculation, SA treatment and MeJ
treatment (Cho and Muehlbauer 2004; Gétoal 2005). These efforts studied the
transcript levels by RNA gel blots and reverse dcaiption-polymerase chain reaction
(RT-PCR) and showed that, although differential regpion was observed for all
treatments among the transcripts studied, resistémé. rabiei did not correlate with
SA- and MeJ-mediated regulation of the defensdadldranscripts. Further, many
putative A. rabiei defense-related genes were identified by CoramRary (2006) by
employing microarrays constructed using a represeet non-redundant set of chickpea
unigenes, as well as putative defense-related cDIX#a grass peal@thyrus sativus
L.). Gene expression changes were investigatdur@e tgenotypes with ranging levels of
resistance/susceptibility t&. rabiei over two time-points after treatment with SA, MeJ
and the immediate ethylene precursor aminocyclaprearboxylic acid (ACC). These
studies showed active defense mechanisms in clackpd identified putative genes
potentially involved in these responses, includihg rapid synthesis of PR proteins,
presence of an oxidative burst and the synthesiputdtive cell-wall strengthening
proteins, antimicrobial proteins, and numerous gnst of unknown identity. The
specific transcripts that were reported as potiyt@edictive of A. rabiei resistance
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included PR proteinsf-1,3-glucanase, SNAKIN2 antimicrobial peptide, hyyatical
proline-rich protein (PRP), disease resistance oesp protein DRRG49-C, leucine-
zipper containing protein (LZP), environmental ssénducible protein (ESP),
polymorphic antigen membrane protein (PAMP), Callsig protein and several
unknown or unclear proteins (Coram and Pang 20R&)id expression of PR proteins in
resistant genotypes (IC and FL) was considered iitapbfor A. rabiei resistance, and
these proteins were induced by one or more sigiakiompounds (SA) in resistant
genotype. Interestingly, elevation of cytosolic*Ceas not induced by the signalling
compounds used, which may be attributed to theaémv of C&" being a defense-
activating signal in itself (Reddy 2001), possilbbquiring pathogen perception to be
triggered. However, two calmodulin-like proteinsY(896411 and DY396364) were up-
regulated in resistant genotype, after SA treatmetich also represent Ca-binding
proteins.

Full-length sequences for chalcone synthase amshybddanine ammonia-lyase
(PAL) cDNA, both important enzymes in defense resep have been reported in
chickpea (Hansellet al, 1999; Heinet al, 2000). The elicitation of chickpea cultured
cells led to several rapid responses including amdadive burst, extracellular
alkalinization followed by intracellular acidifidan, transient K efflux, and activation
of defense-related genes, all within 2 h (Mackeokret al, 1993). Rapidly and
transiently expressed genes encoded the first lgolebzyme in the pterocarpan
biosynthesis part of the medicarpin and maackiaialonylglucoside phytoalexin
pathway (Mackenbrocket al, 1993), a NADPH: isoflavone oxidoreductase (IFR;
Tiemannet al, 1991) and at least eight members of the cytanbre450 protein family
also involved in isoflavone synthesis. This suggdbat isoflavone metabolism is of
considerable importance for resistance Ao rabiei (Barz & Mackenbrock, 1994;
Overkampet al, 2000; Choet al, 2005). Increased expression was also found for
MRNAs of rab and rac type small GTP binding pradiichinoseet al, 1999), and for
genes encoding two glycine-rich proteins (GRPs)clvidisplayed maximum expression
5 days post infection and are probably involveébmtification of cell walls by oxidative
cross-linking of cell wall components (Cornelsal, 2000). Inplanta a pathogenesis-
related thaumatin-like protein (TLP) gene, PR-5ad @ second cDNA coding for a
slightly larger TLP (PR-5b), presumably locatedtime vacuole, were elicited much
faster in arA. rabietresistant chickpea cultivar than in a susceptilévar.

1.4.4. Chickpea defense responsesRosarium
The host in response to pathogen invasion, preskgienses, mainly at two levelg (

Structural: in the vascular tissue, where the upwaovement of the pathogen is arrested
by compartmentalization of the pathogen throughftimmation of callose, gelgum and
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tyloses, which are mainly the derivatives of celids and hemi-celluloses and
progressive suberinization and lignin depositioh Biochemical: the endodermis and
xylem parenchyma, where the invading pathogen stricged by infusion of phenolic

compounds, and by hydrolytic enzymes like chitisaged glucanases. Fungal elicitors
are known to induce the production of phenyl ammadgase (PAL) and peroxidase
which are involved in the synthesis and depolynaion of lignin precursors. The rapid
increase and higher levels of PAL and peroxidasg#wity was found in resistant

cultivars as compared to the susceptible cultiAguilar et al, 2000). Phenolics may

function as either phytoalexins or be incorporated structural barriers such as phenol-
conjugated, lignified or suberised cell walls ofpapitions (Aist, 1983). Phytoalexins

have been implicated as fundamental component$iokmea resistance mechanism to
Fusarium wilt (Stevensoet al, 1997).

However, the genetics of Fusarium resistance mmpbex, since at least for
resistance to race 1, a minimum of two out of titteected resistance genes are required
(van Rheenen, 1992). Several studies employing-i@ed intra-specific recombinant
inbred line (RIL) populations have demonstrateddiganization of resistance genes for
Fusarium wilt races 1, 3, 4 and %dl, foc3, foc4 andfocs; Mayer et al, 1997,
Ratnaparkhet al, 1998; Tulluet al, 1998; Winteret al, 2000; Sharmat al, 2004) in
two adjacent resistance gene clusters on linkagegpgiLG) 2 flanked by STMS markers
GAl1l6 and TA96 focl-Hfoc4 cluster) and TA96 and TA27fac3-foc5 cluster),
respectively (Fig 1.4). Apart from the resistanea@gper se other sequences coding for
proteins putatively involved in the chickpea’s defe reaction were localized in close
vicinity to the Fusarium resistance gene clustés,the sequence of one of the markers
tightly linked to thefoc4 andfoc5 loci is similar to a PR-5 thaumatin-like proteinnge
and another is homologous to the gene for antla@niN-hydroxy cinnamoyl-
benzoyltransferase, a regulator of the phytoal@athway, both important components
of the plant’s defense against pathogens (Fig Hditelet al, (2002) isolated a series of
RGAs from bothC. arietinumand C. reticulatumusing two degenerate primer pairs
targeting sequences in the NBS domain. A total®didferent RGAs were grouped into
9 different sequence classes, and were membefgeofdll-interleukin receptor (TIR)-
NBS-LRR and coiled coil (CC)-NBS-LRR groups. Thidy these RGAs were mapped
on the reference genetic map of chickpea (Wieteal, 2000), where they could be
located on principally five linkage groups, sometloém as clusters on LGs 2 and 5,
respectively (Fig 1.4). While, Flandez-Galveizal (2003) mapped 12 RGA markers that
clustered on three LGs.
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Figure 1.4: LG2 and LG5 from the integrated genetic map otlkbea generated by
Millan et al (2006) with data from Wintest al (2000), Huttekt al (2002) and Pfaff &
Kahl (2003). Abbreviations for the different gewetharkers are given in these papers.
Markers on the left of the vertical bar are derivemn genes and those on the right are
STMS or dominant framework markers. Only a few neasknecessary for demonstrating
the context within the linkage groups are showntailed map of LG2 is in the centre
depicting the vicinity of the Fusarium resistanceng clusters including Fusarium
resistance (foc) genes and QTL for Ascochyta blrgsistance (arl, ar2a, indicated by
the shaded box) on the left side of the vertical Markers on the right are STMS and
DAF markers from Benko-Iseppast al, (2003) and RGA markers from Hutiel al.,
(2002). Loci marked with an asterisk are potentiativolved in pathogenesis, either
encoding RGAs or pathogenesis-related proteinse (@#lan et al, 2006 for more
detail).
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It is usually accepted that the difference ingtsit and susceptible cultivars lies
in the speed with which they can activate the defemechanisms and accumulate
substances like callose to restrict the growth spréad of the pathogen. However, there
is still a debate about the role of fungal toximsvascular wilt disease$:usarium
oxysporums known to produce the toxin ‘fusaric acid’ in twuk filtrates, but most of

the disease symptoms are postulated to be caudbe pjant response to infection.

Previous genetic studies directed towards funatiaimderstanding of genomic
information in chickpea and Fusarium interactioarsancomplete due to unavailability
of the wide range of genomic information or genpresgsion data. Most of the functional
genomic approaches to identify genes for traitantérest were attempted by direct
cloning of defense genes (Ichinaseal, 1999) or resistance gene homologues (Hettel
al., 2002) based on the information obtained fromeotmodel species. Although,
directly applying the methods or genomic informatisom model plant species to
chickpea may not always resolve the important ss@Getting a global perspective of the
interaction transcriptome is thought to be as irtgodras generation of one dimensional
sequence data.

1.5. Genomics
The goal for the post-genomic era of plant biolagyo assign functions for every gene

in the plant genome. Functional genomics uses lscgée methods in order to describe
functions and interactions of genes by studyingog@n sequences, transcripts, proteins,
metabolites and phenotypes (Bouchez and Hofte, ;19@8nerville and Somerville,
1999; Colebatclet al, 2002a, 2002b; Holtort al, 2002; Kennedy and Wilson, 2004;
Steinmetz and Davis, 2004). High throughput tecbgiels of genomics, transcriptomics,
proteomics, metabolomics and phenomics have shifted focus from single gene
research towards a holistic understanding of ganetion. None of the methods used in
isolation provide enough information to infer fuilet for an unknown gene, instead,
combined data from different functional genomiasigsdorings us close to this goal. Most
of the tools used in functional genomics are basedraditional methods which have
been adjusted for high throughput systems. At gr@ge level (DNA), gene function is
studied using sequencers and bioinformatics wieNeial methods have been developed
in order to analyze the transcriptome (RNA) of agamism. Microarrays are the most
widely and routinely used tools to study transampé activity, but also gel based
(Differential display, cDNA-AFLP) and sequence mh$ESTs, SAGE, MPSS) methods
are available. The proteome can be studied witheE)@D Liquid Chromatography

(2DLC), Mass Spectrometry (MS) and Biomolecular etattion Analysis Mass
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Spectrometry (BIAMS) and the metabolome with, faample, Gas-Chromatography
Mass-Spectrometry (GCMS). For phenotypic analysesjeral different methods for

mutant screens have been developed, although nio#habidopsis.

Determination of transcript patterns in plants dpyalitative and quantitative
means is of importance to plant molecular biolo@ite quantitative and qualitative
comparison of individual mMRNA concentrations preésiensamples originating from
different genotypes, developmental stages, growtimditions, different stimulus
(inducers, pathogens pests or other stress) wdblenus to identify genes that are
differentially expressed and hence may have speniftabolic, morphogenetic, stress
alleviatory or defensive functions. The sequenderination has experienced a rapid
growth, with concomitant increase in the numberpofative proteins with unknown
functions. The many genome projects, which focushengenome sequencing, identify
only approx. 30-40% of its coding sequences coaoredimg to known proteins. Also,
there are more than 30-40% sequences which aramsharing no sequence homology

to any known gene.

Due to this gap in understanding, currently thecfions of about half of the
many-sequenced genome's open reading frames drenattiknown. The value of
transcript pattern analysis in assessing rolesookhsequences in the given organism
cannot be ignored, since the similarity of exp@spatterns of sequences of unknown
function with those of known genes would at leastigate functional homology. The
potential of global transcript analysis can be segrihe four results that are returned:
identify new markers for research, revea-acting elements anttans-acting factors
that cluster with a pattern of regulation, identifgvel patterns of regulation, and find
clusters of co-regulated genes with functional @wgence that suggests the
physiological relevance of their regulation (Kul#901). Further, when the transcript
patterns are compared with the proteome data, mldv@nable to determine the
preferential regulation of the intracellular contration of specific proteins occurs at the
level of transcription or by post-transcriptionaéchanisms such as mRNA translation

efficiency or partitioning between subcellular cartments (Kuhn, 2001).

Initially isolation of genes for which productscamutants were not known was
accomplished by differential screening of cDNA #bes. Liang and Pardee (1992)
developed then vitro technique for the determination of transcript @ais known as
differential display reverse transcription PCR (DDRCR). For the first time it was

possible to determine simultaneously, a large pédrtthe transcripts present in a
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eukaryotic cell within a single experiment with higensitivity. The technique found
wide applicability, and for few years no other nmthwas available by which
comprehensive transcript patterns of eukaryotidscebuld be obtained. The use of
DDRT-PCR, has been reviewed in both eukaryotes {Maid Lukanyov, 1998) and
prokaryotes (Fislage, 1998). Briefly, after cDNAn#yesis using reverse transcriptase
and an oligo-dT primer that anneals to the 3’ pdlyail of MRNA, subsets of cDNA
populations for comparison are PCR amplified witlors, non-specific oligonucleotide
primers, in combination with oligo-dT primers, amgualized on polyacrylamide gels.
Fischeret al. (1995) used DDRT-PCR in conjunction with amptififagment length
polymorphism (AFLP). AFLP, till then was a methosded for the characterization of
genomic DNA developed by Vost al (1995). The new technique, termed restriction
fragment length polymorphism-coupled domain dirdctkfferential display (RC4D),
which provided a useful tool to detect differertiaéxpressed members of individual

gene families.

SAGE (serial analysis of gene expression) is arotechnique, developed by
Velculescuet al (1995), where short fragments termed as tags»dracted from cDNA
molecules, concatenated, cloned and sequencedablimelance of a tag in the sequence
reflects the abundance of the corresponding mRN#éntissue from which the cDNA
was prepared. The cDNA-AFLP technique (Bachemal, 1996) is based on the
selective PCR amplification of adapter-ligatednieson fragments derived from cDNA.
cDNA-amplified fragment length polymorphism (cDNAFAP), which belongs to the
category of Differential Display (DD) methods, iaded on the discrimination of the
cDNAs obtained by PCR, corresponding to mRNAs dafhiyrom different samples.
Currently it's the era of microarray hybridizatigachnology, which has seen rapid
growth and popularity since its emergence with thienultaneous quantitative
determination of MRNA concentrations of a small&efrabidopsis genes by a cDNA
microarray (Schenat al, 1995). The technology has now developed to @l ketere the
state of expression of complete genomes can bedegtavith high accuracy on a single
chip. Yet this technique has not stagnated the ldpmeent of other quantitative large
scale screening methods. The throughput of the madsanced AFLP and SAGE
protocols is comparable to microarrays. In conttastther DD methods, cDNA-AFLP
allows systematic study of transcriptome througle tiise of selective fragment
amplification (Vos et al 1995; Bachemet al 1998) and, considering its good
reproducibility, sensitivity and correlation witltorthern analysis, it has become the most

frequently applied DD technique.
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1.5.1. A Method to study interaction transcriptome
The fundamental issue of any diseases is to glplaat integratively understand the

interactions between pathogens and their hostsshnguast and effective techniques.
Most defense responses are accompanied by rapidctiptional activation of many
genes (>1% of the genome), often with unknown fienc(Durrantet al. 2000; Maleck
et al. 2000; Schenket al. 2000). The advent of DNA microarray technology has
revolutionized the study of plant-pathogen intémag and has already provided novel
insight into the involved pathways and their intti@ns with one another. However, in
plant species, for which it is difficult to generamicroarrays, cDNA-AFLP technique
lends itself to gene discovery. The technique haagar requirements with no need of
prior sequence information. While being very sewsijtit allows the detection of low
abundance transcripts. Additionally, the set-up émrsa laboratory to use this technique
is lower than that for microarrays as no specialiggent is required, making it a

method of choice for a large number of researctiRamonell and Somerville, 2002).

In this study, cDNA-AFLP (Fig 1.5) and cDNA-RAPDoth gel based tools for
the analysis of the chickpea transcriptome, haes beilized. Transcriptional analysis is
a powerful tool to discover novel genes and to igigrmation on the expression of
unknown genes in different tissues of plants urtiéerent external stimuli. Though in
the recent years, functional analysis of the trapsame using microarrays has become
the most prominent tool to study and understance ganction mainly because of its
throughput and extensiveness. The gel and sequeased transcriptional analysis

methods still hold their place due to inherent ntoue advantages that they offer.

1.5.2. cDNA-AFLP for differential gene expression @filing
In this section the cDNA-AFLP techniques availatol@letermine transcript patterns and

to identify differentially expressed genes in ptamiave been summarized. A major
challenge in analyzing plant-microorganism inteatd is often the small amount of
biological material available. This limitation hdmeen overcome using PCR based
methods, initially developed for DNA fingerprintinghich allows comparing profiles of
gene expression (following conversion of MRNA toNA). A step by step schematic
representation of the cDNA-AFLP protocol detailihg steps and different components

involved has been made in Fig 1.5.

Isolation of differentially expressed genes fromthb host and pathogen or

symbiont during their interaction might be deperidenthe method of cDNA synthesis.
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Figure 1.5: The scheme of classical cDNA-AFLP. Double strand®2NA were
synthesized from total RNA or mRNA (cDNAs rescueuinm A-Zap phase library as in
present case) and were digested Witbd and EcaRl enzymes, which recognize four
and six bp, respectively. A complete digest of plelDNA with these enzymes produces
five different types of fragment®isd/Msd, Msd/EcoRI, EcarI/Ecarl, Msd/poly(A)
and EcadRl/poly(A) fragments. Following digestion, doubliEasxded adapters were
ligated to the restriction fragments to generatmplates for amplification. PCR
amplification is carried out in two steps (i) pmeyaification and (i) selective-
amplification. In the pre-amplification step, aroud5 cycles of amplification were
carried out using primers without extensions. Thedpcts of this reaction were then
subjected to a second round of PCR amplificatiomguprimers bearing one, two or
three additional nucleotides extensions at their eBd, allowing only a set of
subpopulation to be amplified. The amplicons wezpasated on a polyacrylamide gel
and visualized by silver staining/autoradiograpR\NA probes from different sources
(A, B) produce different cDNA-AFLP banding pattenwhich allowed differentially
expressed cDNAs to be identified (arrows). (Bacle¢ml., 1996; Kuhn, 2001).
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Of the studies referred to above (Bendbal. 1996; Seehaus and Tenhaken, 1998; Geri,
et al. 1999; Lapopinet al. 1999; Timmusk, and Wagener, 1999; Hermsmaeaeral.
2000), only two (Lapopinet al. 1999; Hermsmeiergt al. 2000) have reported
identification of both host and microorganism cDNA3oth these reports involved
eukaryote-eukaryote interactions in which both taw&t microorganism mRNAs possess
3’ poly-A tails and were thus converted to cDNAngsian oligo-dT primer. However,
prokaryotic organisms do not generate mRNAs witlpdy-A tails, and thus synthesis
of bacterial cDNA cannot be performed using an®liJ primer. Recently, using a
mixture of 11-mer primers designed to anneal toseored regions in the 3’ ends of
enterobacterial genes, representative cDNAs haea Bgnthesized from the bacterial
plant pathogerk. carotovora Differential gene expression H. carotovoragrown in
different media was profiled using cDNA-AFLP (Dgjlaet al. 2000). But the situation
is different when studying fungal pathogen wheresRNA with 3’ polyA tail is
expected. In such situations the software progrBoiat’ developed by Friededt al,
(2005) can be used which checks the origin of tB&/EDF generated as to fungal or
plant (http://mips.gsf.de/proj/est/). Currently apation of ‘Eclat’ is optimized for
BlumeridBarley system. Making this program broad basedatccommodate other
systems would greatly enhance its utility. Like DDRCR, cDNA-AFLP is derived
from a DNA fingerprinting method and again involveslective PCR amplification of
sub-sets of cDNA populations for comparison on potylamide gels. The work of
Dellagi et al. (2000) offers the possibility of distinguishing tlwveen differentially
expressed bacterial and plant genes durindzthmarotovorapotato interaction by using
different strategies for cDNA synthesis. Synth@$isDNA from the interaction using an
oligo-dT primer should produce cDNA specificallyrided from eukaryotic mRNA (i.e.
from the plant), whereas priming with the 11-meigahucleotides should efficiently
synthesize cDNA from the bacterium. The two cDNAplations can then be compared
by profiling them using cDNA-AFLP. The cDNA-AFLP denique has also been
effectively used to identify tomato cDNAs that amp-regulated in the resistance
response t&ladosporium fulvumwhen R protein Cf-9 is activated by the Avr9 piot
from the pathogen (Durrangt al. 2000). Several plant genes that were rapidly induce
by Avr9 elicitation were also up-regulated by woung again indicating that common
pathways might be activated in both, the defengkthe stress. The authors did not
report clear identification of pathogen cDNAs insttanalysis. The gene expression
profiing approach of cDNA-AFLP allows all comporien of the interaction

transcriptome (genes that are up- and down-regllateonstitutively expressed) to be
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identified simultaneously. Nevertheless, in spifetleeir documented success, these
techniques do not allow rapid, high-throughput getien of cDNA sequence data,
because large numbers of PCR primer combinatianseguired to profile all transcripts
within an infected eukaryotic cell.

Ditt et al, (2001), made an attempt to systematically explive host gene
expression response Agrobacterium.In addition to identifying factors that might be
relevant for transformation, such a study of chanigegene expression helps elucidate
the general response of the plani&grobacteriuminfection. This information could be
compared with the responses of plants to otherogatiis and symbionts. The use of a
differential screen, the cDNA-AFLP, helped to exaenthe initial response of gene
expression in plant cells exposedAtgrobacterium It was shown that a number of plant
transcripts have altered expression at 24 and dfeh interaction withAgrobacterium
and the proteins encoded by these genes have tavputae in plant signal transduction
and in defense response. Many plant-pathogen atiens are governed by specific
interactions between pathogen avirulence (Avr) garal corresponding plant resistance
(R) genes. An interaction where a corresponding @faR gene and Avr gene is present
and expressed, results in incompatibility and tlaatpis resistant. When one of the two
is inactive or absent, the interaction is compatdotd the plant is susceptible. By cDNA-
AFLP analyses, transcripts were identified thatcgmally accumulate after pathogen
infection in potato. Using RNA from potato leavediltrated with P. syringaepv.
maculicolafor 3 and 12 h, several bands were detected tratspond to genes which

show increased expression in response to baciefiladation (Petterset al, 2002).

Carmonaet al, (2004) determined through cDNA-AFLP molecularemts
associated with the sugarcane resistance aftectiofe with P. melanocephalaby
isolating cDNA sequences that are induced in alhigsistant somaclone. Somaclonal
variation has been widely employed for plant genatiprovement (Karp 1991). In
sugarcane, this source of variability has been usélde selection of clones resistant to
biotic and abiotic stress (Rames al 1996). Kempet al, (2005) identified and
characterized some of the genes induced in casteaaxses in response to the
incompatible pathogeRseudomonas syringgevy. tomato Ps). This tomato pathogen
induces the HR in cassava leaves; the interactias ehosen because of the slow and
incomplete expression of ‘resistant’ or ‘toleracdiltivars of cassava téam In addition,
leaf invasion is the typical initial means of inien; the resulting water-soaked angular

lesions often extend to a systemic vascular phase.
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Table 1.2: Use of cDNA-AFLP in combination with other techues aids in generating

more specific information.

cDNA-AFLP in combination with- Targeted goals Refeence
Imaging techniquesto probe the Transcription and translation of theMcCannet al,
. - ) ) 2001
location of specific molecules; genes; the assembly of the

screening for variation in architecture components.

using IR spectroscopy

In silico AFLP Suitability of Restriction enzymes f@&reyneet al,
cDNA-AFLP 2003
BSA (Bulk Segregant Analysis) May be effective foredring Barcacciaet
expressed sequence tags Cloningal" 2001, Cho
' et al, 2005;
candidate genes for a given trait Guoet al,
2006

‘Gene Swinger program of affymetrix Analyze for variant expression of Kempet al,
, 2005
ESTs with no known match or

function

Metabolic profiling Compares differential expression oGoosen®t al,
2003; Rischer

the genes and respective metabolltgtsal_’ 2006

Publicly available marker genotype d Identifies numerous transcriptional Vuylstekeet

and application of classical linkage regulatory loci explaining the al., 2006
analysis variation in gene expression
phenotypes.
‘Eclat’ program To find the origin of ESTs as to pldfiedelet al,
2005
or fungal.
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Choet al, (2005) have attempted (b) screen for genes, showing constitutively
different expression levels between resistant arsteptible recombinant inbred lines
(RILs) using cDNA-AFLP and2) elucidate their genetic significance in conferring
resistance to Ascochyta blight. They identifiedlavdnone 3-hydroxylase (F3H) like
TDF and found it to be lower in RILs susceptibleptihotypes | and Il oA. rabieithan
in RILs resistant to both pathotypes. F3H was mdgdpelinkage group 5. Santaekd
al., (2004), used cDNA-AFLP to isolate genes fromseaa that are expressed during
infection byXam The expression pattern of a selected set ofdrgntslerived fragments
(TDFs) was confirmed by quantitative reverse traption-PCR (QRT-PCR).

Escalette®t al, (2006) have applied the cDNA-AFLP technique loa partially
resistant apricot cultivar ‘Goldrich’ infected witPPV to characterize any functional or
structural genes whose expression is modified dwirus infection. As it is expected
these candidates might be linked to the compabblecompatible interaction of PPV
with its woody host plantRrunus armeniacéd..). Genes that show enhanced or repressed
expression during virus infection may be involvéither in the host defense mechanism
or in the infection process. Van de Velde al, (2006), presented a comprehensive
transcriptomics dataset that demonstrates that leosienescence is a complex and
regulated process. Transcript-profiling analysisiefelopmental nodule senescence was
performed in the legum&l. truncatula through a modified cDNA-AFLP protocol
(Breyne et al, 2003). A very specific sampling method coupledctuster analysis
allowed distinct stages of the nodule senescermeeps to be identified.

cDNA-AFLP is a robust, selective and sensitiverespion profiling technique
which can also be effectively combined with othethods to generate more specific
data depending on the aim of the experiments ddigiged in Table 1.2. The standard
hybridization based techniques like microarraysc@wse ended, wherein certain strain-
specific genes will not be assessed and importafiormation will not be revealed.
Relying solely on closed expression systems liraplicability and progress will be
hampered since the scope of these methods isctedtionly to already known genes.
Open expression systems, which do not require grnowledge of sequences, are more
widely applicable and inherently have the advantafy&lentifying and assessing new
genes (Reijanst al, 2003). PCR-based techniques have shown to be seossitive than
hybridization-based techniques (Hoheisel and Ving2000), and are more suited to
identify new, low-expressed genes. cDNA-AFLP is @RPbased, open transcript
profiling technology and combines both the featafehigh-throughput analysis and
detection of rare expressed transcripts.
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1.6. Objectives of the thesis work
The importance of the chickpea crop in Indian pectpe and the devastating damage

caused by its pathogdrusarium oxysporunf.sp. ciceri necessitated the work, which

was carried out keeping in mind the following olbiges

1) To identify differentially expressed genes inickbea during FOC1 pathogen
challenge by cDNA-RAPD and cDNA-AFLP

2) To compare the differentially expressed trampgsrirom Fusarium wilt-susceptible
and -resistant chickpea varieties.

3) To isolate and clone the differentially expresgene transcripts from the roots of
resistant cultivar infected with FOC1.

4) To confirm the expression patterns of the TDFsrdverse northern and northern
analysis.

5) To isolate, the cDNAs encoding complete ORF$48-3 genes front. arietinum
to clone and sequence them.

6) To study the expression pattern of @el433genes in roots of wilt-susceptible and -
resistant varieties @. arietinumduring FOC1 pathogen challenge.

7) To survey the database for transposable elenreits and EST sequences.

8) To analyze the abundance to the transposahbieeatesequences in different crops,
tissue and under different conditions (stress arstrassed).

1.7. Organization of the thesis
After setting up of the objectives for the studg txecution of the experiments was done

in a phase wise manner which led to the formatibthe thesis. In this thesis | have
made an attempt to take a step further in the redlmformation currently available on
plant fungal interactions based on a study of thieeg expressed during the interaction
between chickpea andusarium The thesis is organized into five chapters, tingt f
being the introduction to the plant and the pathogader the study and a detailed
review of the techniques currently available tadgtthe interaction transcriptome. Each
chapter starts with its own individual abstracttraduction, materials and methods,
results and discussion, relevant to the topic evénerein. Second chapter describes the
differentially expressed genes identified duringckpea and Fusarium interaction. The
third chapter describes the isolation, cloning ahdracterization of 14-3-3 genes from
chickpea which were identified using cDNA-AFLP inet second chapter. The fourth
chapter describes the presence and abundance nspasable elements in the EST
database since significant representation of t@sege elements were identified using
cDNA-AFLP. In the fifth and final chapter | haversmarized the entire gist of the work.
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Chapter 2

Differentially expressed gene
transcripts in roots of resistant and
susceptible chickpea plant (Cicer
arietinum L.) upon Fusarium oxysporum
infection

¥ L

The research work described in this.chapter has
been published as a full-length paper in PMPP
(2006); 68: 176-188.
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Abstract

Differentially expressed genes in chickpe@icér arietinumL.) during root infection by
Fusarium oxysporurh sp ciceri Racel, were identified using cDNA-RAPD and cDNA-
AFLP approaches. The former employed decamer psinoer cDNA template and
revealed nine differentially expressed transcripisthe resistant infected chickpea
cultivar. Among the 2000 transcript-derived fragnsefTDFs) screened by cDNA-
AFLP, 273 were differentially expressed in chickpeats duringFusariuminfection.
Only 13.65% of the TDFs were differentially regeltduring pathogen challenge, while
the other 86% were expressed non-differentiallyrduthe process of pathogen infection
in chickpea roots. Nineteen TDFs, which express#drdntially in the resistant infected
chickpea cultivar were cloned and sequenced. Twahete TDFs were similar to
transcription factors like WRKY proteins and 14-3gsoteins, while three TDFs
represented the NBS-LRR type gene sequences. Twks Had sequence identity to
genes known to have function in defense. The RARIFF TaFRi60 showed sequence
identity to gamma-glutamyl-cysteine synthetase. Aghwthe TDFs examined by cDNA-
AFLP, 19 were confirmed by reverse northern blgttito be differentially expressed.
The data confirms the effectiveness of the cDNA-RFlechnique in detecting

differentially expressed genes during pathogenesis.
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2.1. Introduction

Plants are constantly exposed to intimate intevastwith a plethora of microbes and
display a complex set of interactions, which rarigen symbiosis to disease. The
harmful implications of some of these interactionsplant and plant-productivity lead to
tremendous annual losses through reduced yieldsnanéssitate the use of chemical
fungicides. Pathogen populations dynamically chabgeremain diverse and stay
competent in response to the constant selectiogspre from changing agro-ecological
conditions. As a result, crop plants are infected arasitized by pathogens with
varying degrees of specificity and severity. Coesadble efforts have been directed
towards understanding the molecular mechanismsriyimtg plant-microbe interactions
(Hammond-Kosack and Jones 1996; Richter and Rd@00). During the initial steps
of association, when a plant recognizes a poténiiaflectious pathogen, local defense
responses aid to sequester the pathogen away fmormfected plant tissue. Events of
recognition and defense by a host plant to its &ipgthogen and ability of the pathogen
to overcome the plant’s defenses implies a complgramic and interactive molecular
network. Induction of these molecular responsegsgtates up- and down-regulation of
numerous but specific genes. Differential largdesggene expression analysis in plant-
pathogen interactions has resulted in identificatb several defense-related transcripts
(Fernandezt al, 2004; Rost al, 2004). Direct or indirect role of these trangtsiin
controlling pathogen invasion to the plant tissaealso demonstrated in few cases.
However, these studies are restricted to modeltpland few crops such as sugarcane,
tomato, coffee, cassava and rice (Durmnal, 2000; Matsumurat al, 2003; Torrest
al., 2003; Carmonat al, 2004; Fernandeet al, 2004; Zhanget al, 2004 andKemp et
al., 2009.

Chickpea Cicer arietinumL.) is the third most important legume in the world
and first in India. The seeds of chickpea are magarrce of dietary protein for human
consumption especially for vegetarian populationseéveral parts of the world. One of
the most important diseases affecting chickpedugarium wilt, caused by the fungus
Fusarium oxysporumf sp ciceri (FOC). FOC is a soil borne root pathogen, which
colonizes the xylem vessels and blocks them comlglethocking nutrients/water
transport that result into wilting (Batemah al, 1996). At least four races of FOC are
known to exist in India and total of 7 races thrhoowgt the world affecting all major
chickpea growing areas. Worldwide chickpea yielb&s from Fusarium wilt vary from
10 to 15%, however, under conditions favorable e pathogen, wilt-disease can

completely destroy standing crops (Halila and Sjeat996). Use of resistant cultivars is
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one of the most practical and cost-efficient sgee for managing chickpea wilt.
However, the efficiency of resistant chickpea ealts in wilt management is limited by
various factors including, (i) pathogenic variatilin the natural populations (Jiménez-
Gascoet al, 2004) and location specific occurrence of ra@&agh and Reddy 1991)
which causes resistant cultivar to lose resistaves a period of time, (ii) susceptibility,
limits exploitation of useful characters in certaarieties,e.g.,double podding trait in
JG-62, (iii) existence of specific races, whichvadodown progress in breeding program
(Tekeoglu et al, 2000), (iv) breakdown of resistance, which isc@ansequence of
directional selection for better-adapted mutargspmbinants or immigrants and also by

widespread and intense deployment of R genes fd\myrénonoculture practices.

Several studies have demonstrated that infectiah Wi oxysporumleads to
various chemical and biochemical changes in chiakper example, positive correlation
between the exudates/secondary metabolites andtamese in chickpea cultivar by
production of antimicrobial microenvironment aroumgwly emerging seedling is
reported (Armercet al, 2001; Stevensoet al, 1997). Differential accumulation of
chitinase, p-1, 3 glucanase and protease activities in rootsFOfC resistant and
susceptible chickpea cultivar upon pathogen chg#leand antifungal activity of these
extracts to FOC were demonstrated in earlier studyn my lab (Giriet al, 1998).
However, information about genetic factors thaedeines the outcome of interactions
betweerF. oxysporumand chickpea roots are not yet identified. Asratiation towards
characterization of the molecular interactions et C. arietinum and Fusarium
oxysporumf sp ciceri Racel (FOC1), changes in the transcriptome weesmmed
following FOCL1 infection in the roots of resistamtd susceptible chickpea cultivar using
cDNA-AFLP approach.

The potential of the AFLP technique for generatimgNA fingerprints was first
recognized by Bacherat al (Bachemet al, 1996) for the study of differential gene
expression during potato tuber formation. Since tihdas been used to profile genes in
a range of different systems including humans (&gfeal.,, 2006) animals (Fukudat al,
1999; Vandepuet al, 2005) plants (Carmoret al, 2004; Diegoat al, 2006; Durrant
et al, 2000;Kempet al, 2005;May et al,1998; Simoes-Araujet al, 2002 and Yanegt
al., 2003) and microbes (Decoragial, 2005, Dellaget al, 2000 and Qiret al, 2000).
cDNA-AFLP remains a useful technique for severasoms; it is versatile, easy,
inexpensive, robust and quantitative (Reijahal, 2003). In the present study transcript

profiles were generated and compared from threekpba root cDNA librariesyiz.,,
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uninfected WR-315 (WR-C), WR-315 infected with FOQ¥R-I) and JG-62 infected
with FOC1 (JG-I), by subjecting them to cDNA-RAPMdacDNA-AFLP analysis.
Differential expression in the identified transt¢sipvas confirmed by reverse northern
analysis of 1, 2, 4, 8 and 12 days old chickpeastas® as to encompass early- and late-
post inoculation defense responses. The three-aanparison between resistant-control
(RC), resistant-infected (RI) and susceptible-itdddSl) tissues effectively negated any
contaminating transcripts of pathogen origin. Te trest of my knowledge this is the
first demonstration that cDNA libraries can be camngal by cDNA-AFLP technique.

2.2. Materials and methods

2.2.1. Chickpea growth conditions and FOC1 inocul@n
C. arietinumseeds of cultivars Vijay (R), WR-315 (R) and JG{B62were obtained from

the Mahatma Phule Krishi Vidhyapeet (MPKV), Rahwaharashtra, India and also
from the USDA center at Washington State Univerdtyllman, USA. For germination,
seeds were wrapped in wet sterile muslin clothsiaced at room temperature (24°2%

in dark for 3-4 days till sprouting. While the seesprouted the trays and floats were
made ready. The Styrofoam sheets were cut to alstehey fitted into trays, and holes
were punched into the Styrofoam sheets using a loor&r in a square lattice so as to
accommodate around 60 seeds. Then the sproutesl \weeel transferred onto Styrofoam
floats placing each sprouted seed into the holeslpd earlier, and these floats were
placed in the glass trays containing water and tiromvedia and kept in controlled
conditions at 2Z and 60% relative humidity under white light andrmal day
conditions (14 h light/10 h dark). Seedlings werewn hydroponically under sterile
conditions on floats in sterile water containinganga and micro- nutrients (half strength

Hoagland’s nutrient medium, (Hoagland and ArnonQ®5

Plants were 7 days old at the time of pathogerciitfie. Freshly prepared spore
suspension (10 ml of 1x3€pores/ml) ofusarium oxysporurhsp.ciceri, race 1 (FOC1)
was added to the sterile hydroponic trays. Afteo thays the water in the trays was
mixed with a sterile glass rod to ensure uniformeagd of the fungus. A few seeds of JG-
62 (S) were sown in each tray as an indicator ficiion. Seedlings grown in similar

trays with no pathogen served as an uninfected ptantrol.

Pathogen-inoculated seedlings were removed fronfidaes in hydroponic trays,
quickly rinsed to free the adhering fungal mycekdh sterile DEPC treated water,

frozen in liquid nitrogen and stored at -RDill further use. Samples were collected in
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duplicates for WR315, Vijay and JG-62 after 1, 28412, 16 and 20 DAI (days after
infection).

2.2.2. cDNA libraries and template preparation:

Chickpea root cDNA libraries were constructed frB@C1 challenged -JG-62 (SI) and -
WR315 (RI) as well as uninfected WR315 (RC). TR&IA was isolated from the root
tissues ofC. arietinumas described in section 2.2.6. Poly (A+) RNA wasifigd by
chromatography on oligo (dT)-cellulose (Qiagen, Y8Ad 5ug of the resulting mRNA
was utilized to construct a cDNA library using ZAP |I-cDNA synthesis kit and ZAP-
cDNA gigapack Il gold packaging kit (StratageneSA) following the manufacturer’'s
instructions. For each library, equal amount of RIK#n root tissues was pooled after 1,
2,4, 8,12, 16 and 20 days of infection. DNA frtime phage libraries was isolated by
boiling 1 ml aliquot of the library (titer of £0°PFU/mI) for 5 min to denature the phages,
extracted once with phenol-chloroform, precipitateith ethanol and used as template
for cONA-RAPD and cDNA-AFLP. Alternatively, cDNA serts from these libraries
were amplified using the flanking T3 and T7 promgigmers using approximately 30
ng of cDNA template. The amplification products aif least five independent PCR
reactions were pooled and used for cDNA-RAPD anNAEAFLP.

2.2.3. RAPD primer screening with cDNA templates
A survey of differentially regulated transcriptgyrohg pathogen infection in chickpea

roots, using 200 unique deca-nucleotide RAPD psm&BC, University of British
Columbia, USA), were used to identify differentyalexpressed transcripts in wilt-
resistant reactions. For RAPD analysis the amplii®NA libraries from infected JG-
62, infected WR315 and uninfected WR315 (controlgrev used as templates.
Amplification was carried out in 20l reaction volume containing: 20 ng of chickpea
root cDNA, buffer (50 mM KCI, 10 mM Tris-HCI pH-8,8.1% Triton X-100), 1.5 mM
MgCL,, 10 mM of each dNTP, 20 pM of primer and 0.6 upitSfag DNA polymerase
(Promega, Madison, WI, USA), in a Peltier Thermgtiér DNA Engine (MJ Research,
USA), programmed for 34 cycles with the followiregtperature profile: 30 sec at 43,

1 min at 35°C, 1.30 min at 72C. Cycling was concluded with a final extensior2fC
for 5 min. PCR amplification products were electrogesed in 1% agarose, 1X TAE
(Tris-Acetate/EDTA buffer) gels, visualized by ettum bromide staining under UV
illumination.

2.2.4. cDNA-AFLP

cDNA-AFLP was performed as described by Bachetnal (1996) with minor

modifications. The amplified cDNA (250 ng) from théree libraries previously
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described in section 2.2.2 was purified by preatph with iso-propanol and washed
with 70% ethanol. The cDNA was then digested witl testriction endonucleases
EcoRIl and Msd and ligated to double strandddcaRl and Msd adapters. Pre-
amplification was carried out with ‘E’ and ‘M’ priemns corresponding to tiecaRl and
Msd adapters with one selective base using a stargl@@mplification PCR program
(30 cycles of 30s at 94°C, 30s at 52°C, and 6G24F). A 1:50 (v/v) dilution of the pre-
amplification product was selectively amplified withree corresponding specific base
extensions at the’ &nd of the primers E and M using a standard AFRuRhdown-
selective amplification program initial 12 cycles9#°C for 30 sec; 65 — 56°C (decrease
0.7°C each cycle) for 30 sec; 72°C for 60sec; ¥atid by 24 cycles of 94°C for 30 sec;
56°C for 30 sec; 72°C for 60 sec; (Bacheinal, 1996) and according to manufacturer’'s
instructions (GIBCO-BRL Life Technologies, USA). #dtal of sixteen such primer
combinations were used for the selective amplificgtthe products of which were
separated on a 6% denaturing polyacrylamide geltutb00 V and 100 W, for 3 hrs.
Amplified fragments were visualized by staining theds with silver nitrate (Sanguinetti
et al, 1994). Comparison of the fingerprints obtainehT duplicate PCR reactions of 8
primer-combination subsets assessed the reprotitycifi the technique. In addition, to
assess the reproducibility of the electrophoreaigjuots of several amplification

reactions were run on separate gels.

2.2.5. Cloning of DNA fragments and sequence analgs

Elution and reamplification of differentially expressed bands
DNA fragments showing differential patterns wereisgd from the gels and eluted in

100ul double distilled HO at 37C, overnight. The eluted DNA samples were then used
as templates for PCR reamplification, usingl2f the eluted product in a 2d PCR
reaction containing - buffer (50 mM KCI, 10 mM T#ECl pH-8.3, 0.1% Triton X-100),
1.5 mM MgCh, 10 mM of each dNTP, 20 pM of primer (the samengri set of each
specific combination used in selective amplificajioand 0.6 units of Tag DNA
polymerase (Promega, USA), in a Peltier Thermall€yDNA Engine (MJ Research,
USA).

The cycling conditions were same as in selectivgldication but instead of
touch down temperature a constant temperature ofC5@vas used. The successful
reamplification of the excised DNA was verifiedarl % (w/v) agarose gel in 1X TAE-
buffer. Ethidium bromide was added to the buffed gel to a final concentration of 0.5
mg/ml. The samples were then loaded on an agarebeargl electrophoresed for

approximately 1 hr at 10 V/cm. The gels were viggal on a UV transilluminator and
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the size of the bands determined by comparison 160abp ladder (Bangalore Genei,
India). Reamplified bands were then excised from #garose gel and eluted using
DNA-elute spin columns (Millipore, USA). PurifiedN)A was adenosine (A) tailed at
the 3’ terminal in a reaction containing WbPCR buffer with MgCJ, 0.2 mM dATP
and 0.6 units of Taqg DNA polymerase (Promega, UiBA9 final reaction volume of pl
and incubated at 72 °C for 30 min.

Ligation into pGEMT
Subsequently the DNA fragments were cloned into [d&Eeasy (Promega, USA) in an

optimized insert to vector ratio of 3:1. The ligatiwas carried out in a 1d reaction
volume containing 150ng DNA insert, 50 ng of linead vector () GEMT-easy), 3U of
T4 DNA ligase in 5ul 2X rapid ligation buffer and incubated at@ overnight.

Transformation
Chemically (CaCG) competent Escherichia coli a-DH5 cells were prepared for

transformation (Sambroadt al, 1989). Competent cells were mixed with plasmilAD
(100pg-100ng) and incubated on ice for 15 min. A#t&-min heat shock at 42, 1 ml
Luria bertani (LB) medium was added to the transftion mixture and incubated for
90 min at 37°C. 100ypl aliquot of the mixture was plated on LBA-platesntaining
ampicillin 200 mg/ml, X-gal 20 mg/ml in DMF (dimdgtiormamide), IPTG 0.2 g/ml in
H,O (for selection of transformed cells) and inculddte 16 h at 37C.

Colony screening and plasmid isolation
For verification of inserts single white colonieemn picked with a sterile toothpick and

colony PCR performed. Five independent coloniesfiagment were amplified by PCR
using T7 and SP6 primers and two clones per bane welected for sequencing.
Plasmid DNA was isolated by the alkaline-lysis nogtl{Sambroolet al, 1989). The
cell pellet from 5 ml of overnight culture was sasded in 30Qul of cold solution | (100
ug/ml RNAse A, 50 mM Tris-HCI pH 8.0, 10 mM EDTA p810) and cells were lysed
by incubation with 30Qul of solution 1l (20 mM NaOH, 1% SDS) at room temguere
for 5 min. Chromosomal DNA and cell wall componemsre removed by addition of
300 pl of ice-cold solution 1l (2.5 M potassium acetaggH 4.8) to the lysate and
centrifuged. The plasmid DNA was precipitated frahe aqueous phase with 0.7
volumes of isopropanol at room temperature for 30 amd subsequently centrifuged.
The DNA pellet was washed with ice-cold 70% ethadakd and dissolved in 30 TE-
buffer. Typically 3-4 ug of this DNA was used for restriction analysisagphid

preparations were purified using the Wizard plussplid Preps DNA Cleanup System
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(Promega, USA) according to the manufacturer’'srugsions to obtain high purity
plasmids DNA (for sequencing reaction and ligatieactions).

Sequencing

The nucleotide sequences of the cloned fragments determined with a MegaBACE
500 (Amersham BioSciences, USA). Quig200 ng) of the DNA solution was used for
sequencing using the DYEnamic ET Dye Terminator uBaqging Kit
(AmershamBiosciences, USA) in an automated FluerdgsDNA Sequence Analyzer,
MegaBACE (Amersham Biosciences, USA). The DYEnaHiicDye Terminator Cycle
Sequencing Kit for MegaBACE is based on traditiortitleoxynucleotide chain
termination chemistry (Sanget al, 1977). All reactions were performed according to
the manufacturer's instructions and cycle sequentedPeltier Thermal Cycler DNA
Engine (MJ Research, USA). Primers used were T7S#8 Sequencing Primers. The
20mer T7 forward (5 mM) and 19mer SP6 reverse psni® mM) had the following
sequences, respectively: Forward: 5’-TAA TAC GACA CTA TAG GG-3’ Reverse:
5-TAT TTA GGT GAC ACT ATA G-3'. Sequences were dywed with the GenBank
database using BLASTn algorithms (Altscletll, 1997).

2.2.6. Northern and reverse northern blot analysis

RNA extraction
Total RNA was extracted from root samples colleaedifferent time intervals such as

1, 2, 4, 8 and 12 days after infection (DAI) usthg TRIzol reagent (Invitrogen, USA)
as described by the manufactur€r.arietinumroot tissue (100 mg) was pulverized in
liquid nitrogen with autoclaved pestle and mortamnd transferred to 1 ml of TRIzol
reagent. After vortexing, the lysate was storedSfonin at room temperature and 0.2 ml
chloroform was added. The mixture was shaken vigglyofor 15 s and stored at room
temperature for 10 min before centrifugation 8€4or 15 min at 12,000 g. The aqueous
phase was transferred to a new tube and 0.5 mtapapol was added to precipitate
RNA. The sample was stored at room temperatur&@onin and centrifuged at 15,000 g
for 10 min at 4°C. The RNA pellet was retained and washed with I7&Pb6 ethanol,
pelleted by centrifugation, air-dried, and dissdlwe 30ul RNase-free water. To remove
contaminating DNA, the total RNA (@) was treated with RNase free DNasel (0.1 U
perug RNA) at 37C for 1 h in the presence of RNasin (0.4U) and ieated by heating
at 65C for 15 min. The RNA was precipitated with 0.1wules of 3 M sodium acetate
buffer, pH 5.2 and 3 volumes of absolute ethaneV&iC for 1 h. The RNA pellet was
collected by centrifugation at 12,000 g for 10 nain4’C, dried under vacuum, and
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resuspended in fl of DEPC-treated water. The RNA samples were dfiedtby
spectrophotometry at 260 and 280 nm or stored GiG-8ntil used.

Electrophoresis and blotting for northern
For Northern analysis, 100g of total RNA from each sample; uninfected JG-6Z),

JG-62 infected with FOC1 (SI), uninfected Vijay (R&nd Vijay infected with FOC1
(RI) at 2 and 8 DAI time intervals were subjectedetectrophoresis in formaldehyde-
containing 1.5% agarose gels as described by Sakbtal (1989). The samples were
electrophoresed on a 1.5 % agarose gel containgfyN formaldehyde and 1X MOPS
buffer, pH 7.0 following standard procedures (Sasokret al, 1989). The 1X MOPS
buffer consists of 40 mM MOPS, pH 7.0, 10 mM sodiacetate and 1 mM EDTA. The
agarose was boiled in DEPC-treated water and added preheated mixture of
formaldehyde and 1X MOPS buffer. The solution wasrpd into a tray with a comb
positioned appropriately under a hood, so as twente exposure to the dangerous
formaldehyde fumes. The gel was allowed to setlfdw and then transferred to the
electrophoresis tank containing the running bufié¢rMOPS, pH 7.0. The RNA samples
(10 ng/lane) were dissolved in 0.5X MOPS, 0.22 M fornehigde, 50% formamide, and
0.02 mg/ml ethidium bromide and denatured at 65¥CL5 min prior to loading in order
to resolve the secondary structures. The samples mieed with 0.1 volumes loading
buffer (1 mM EDTA, pH 8.0, 0.25% bromophenol bl@e25% xylene cyanol, 50%
glycerol in HO) and loaded into the wells of the submerged Bkdctrophoresis was

carried out at 100 V for 2 h at room temperature.

After the run, the entire gel was soaked sequigntm200 ml RNase-free water
for 15 min, 50 mM NaOH for 15 min and finally nealized in10X SSPE for 30 min.
Hybond N+ membrane (Amersham, USA) was cut to tize sf the gel and pre-
equilibrated in 1X MOPS for 15 min. RNA from thelgeas transferred to the
membrane under constant current (1 mAjcnin an electroblotting apparatus
(Amersham, USA) for 2h. After the transfer, the ipos of the wells and the rRNA
subunits were marked on the blot using a penci Glbt was rinsed in 4x SSPE and the
transferred RNA was cross-linked to the membrardeunltraviolet irradiation (70,000
uJ/cnf). After cross-linking, the membrane was bakedG&C8in a vacuum oven for 2h

and stored in re-sealable polythene bags at 4°Craquired (Sambrookt al, 1989).

Probe preparation and hybridization
The probe was prepared using the previously destrifSection 2.2.5) DHb-

transformants carrying the TDFs. The construct asaplified by a polymerase chain

41



reaction using previously described T7 and SPéaligleotide primersiP*>-dATP was
incorporated in the PCR mix so as to yield a rddimeled double stranded DNA
fragment for use as a probe. Hybridization of alithern blots was carried out with four
different probes thus generated using a commekxairess-Hyb solution (Clontech,
USA) as per the manufacturers’ instructions; ihipeehybridization, 50°C, 4h; probe
hybridization, 65°C, 4h. The blots were washedctifior 20 min in wash solution (1X
SSC, 0.1% SDS at 85) and exposed to X-ray films (Konica, India).

Reverse northern
To prepare the slot blot arrays, TDFs cloned in PGEeasy plasmid were amplified

using T7 and SP6 primers and quantified by UV spetiotometer (Varian, USA). The
HYBRI-SLOT manifold (BRL Life Technologies, Inc.,2A) was arranged according to
the manufacturer’'s instructions, 2.5 ug DNA wasafered under 0.6M NaOH, to a
volume of 20 ul and spotted on Hybond-N+ membrane crosslinkedeundV
illumination (UV Crosslinker, Amersham Life SciesceUSA) at 70,00@)/cnf. Four
identical filters were prepared serially, which wédrybridized separately with labeled
cDNA made from each of the source RNAs; uninfed@&d62 (SC), JG-62 infected with
FOC1 (SI), uninfected Vijay (RC) and Vijay infectedth FOC1 (RI) at different time
intervals as detailed above. Alternatively, the sditter was stripped and re-hybridized

with labeled cDNA from different time intervals DfAI.

cDNA Probe preparation and hybridization
The cDNA probes were prepared by using 5 pug of RIMA from four different samples

(SC, SI, RC and RI) extracted at different timeimals.aP* labeled dATP was used to
synthesize radiolabeled first strand cDNA usingbgo dT-18-primer and PowerScript-
lll reverse transcriptase (Clontech, USA) (Sambrebkl, 1989) and used to hybridize
the arrays, as described in the earlier section.

2.3. Results

2.3.1. Morphological changes
Hydroponic plants on inoculation with FOC1 were eved for disease symptoms at

different time intervals. The JG-62 (S) seedling®culated with FOC1 started
developing a distinct yellow coloration at 5 DAI eempared to the uninfected healthy
seedlings. At 20-30 DAI the JG-62 (S) plants showenhplete wilting while the Vijay
and WR-315 (R) plants along with uninfected JG-82 ghowed normal healthy growth
(Fig 2.1). In the present experiments the root& ahd 8 DAI were selected for analysis
to isolate early and late expressing genes invoimedhickpea root wilting defense.

Under field conditions the root system of chickpgaobust, up to 2 m deep, with major
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mass up to 60 cm. It was observed that the total lemgth was similar in susceptible
and resistant cultivars in the uninoculated costmhen observed after 20 days, which
became markedly smaller and weaker in susceptiblevar, after inoculation with
FOC1 at the same time. However, in the resistaftivau inoculation with FOC1
increased lateral root branching, which were loraget more in number (Fig 2.1). Such
long lateral root branches were not observed insihceptible inoculated plants, in

which the whole root system appeared dark browndeadi.

2.3.2. cDNA-RAPD analysis
Amplification patterns of 200 RAPD primers (decajrfeom UBC were studied with all

the 3 cDNA libraries. Representative amplificatipatterns are shown in Figure 2.2.
Seven TDFs, ranging in length from 260 to 650 basese cloned, sequenced and
BLASTed (Table 2.1). However, one of the seven TIBRewed none or only poor
sequence similarity to any database entries headanttion could be assigned to it. It
may represent a novel transcript involved in patimogecognition, plant defense reaction
and resistance. Six TDFs showed high similarit¢NA clones from other legumes,
Medicago truncatulaand Lotus corniculatus Of these, one TDF CaFRi60 showed
homology to gamma-glutamyl-cystiene synthataseckwig a key enzyme in glutathione
production, and known to be present in increaseelseduring the oxidative stress when
plants are subjected to biotic or abiotic stregdéatamoroset al, 1999; Mayet al,
1998).

2.3.3. cDNA-AFLP analysis
A total of 16 different primer combinations (25%tbe total possible 64 combinations,

using 3 bp extension adapters) were used on tleewlates to determine cDNA
expression profile. TheDNA-AFLP fingerprints from three samples generated more
than 2000 transcripts (averaging 130 TDFs resultiogn each primer combination, Fig
2.3), which were inspected for differential express The TDFs were categorized into
five classes as shown in Fig 2.4 and Table 2.2r§d number (86%) of transcripts were
expressed in all the three samples, thus representinstitutively expressed genes in
both the chickpea varieties with or without infecti The majority of differentially
expressed TDFs were either up regulated or diffedgnexpressed in resistant infected
(45%), followed by TDFs up regulated or differefiyiaxpressed in susceptible infected
(28%) and the lowest number of TDFs up-regulatedewebserved in resistant
uninfected (26%) (Table 2.2). Of the sixteen prirm@mbinations only the differentially
expressed TDFs were analyzed. Several TDFs disigan altered expression pattern in

response to pathogen attack were selected forefuatimalysis. A total of 40 differentially
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accumulated TDFs from RI, ranging in length fromt@®00 bp, were recovered from
the polyacrylamide gels, reamplified and 30 of themnld be successfully cloned and
sequence characterized. After omitting the redunslaguences, 19 TDF sequences were
submitted to NCBI as collection of ESTs and thezcéssion numbers are listed in Table
2.3.

2.3.4. Identification of AFLP-TDFs of known genesriduced during infection:
In this study attention was focused on genes, whiele differentially expressed or up

regulated in the resistant infected (RI) cultivakmong nineteen TDFs being
differentially expressed during fungal infectiontbk resistant chickpea cultivar Vijay,
ten corresponded to previously annotated protecoding genes (Table 2.3), some of
which are reported to have a potential role in deéeresponses, and could be grouped
according to putative function (Table 2.3). CaFRi8lifferentially expressed in resistant
infected (RI) with high similarity to WRKY, a wettharacterized transcription factor
involved in defense responses. CaFRi4 showed imdweression in Rl and has
homology with a 14-3-3 protein frorRisum sativum 14-3-3 proteins are known to
accumulate in barley leaves in response to inaculatith Blumeria graminigCollinge

et al, 1997; Gregerseet al, 1997). CaFRIi9, CaFRill and CaFRi26 showed hogyolo
to a gene similar to NBS-LRR protein froAgeilops tauschiiNBS—LRR proteins are
predominant class of plant defense related protantsare known to confer resistance
against many plant pathogens. A sequence encodiBgri®osomal protein L10 was
obtained in clone CaFRi42 as differentially expeessn resistant cultivar during
infection. Clone CaFRi36, was similar to a mitoctioal F1 ATPase. Another clone,
CaFRi51, represented a fragment of plasma intripgitein (pip-2 gene), which is an

aquaporin located in the plasma membrane.

The homology search of the sequences of clones CaFRCaFRil5 and
CaFRi20 indicated their identity as transposabéeneints. Sequences of clones CaFRil2
and CaFRil5 were found to be similar with non-LTé&raetransposon and GAG-POL
precursor gene, respectively, while clone CaFRiZ3 wimilar to a Ty-1 copia type
retroelement sequence (Table 2.3).

2.3.5. AFLP-TDFs of unknown identity induced duringinfection
Among the TDFs characterized, three correspondedifterent ESTs reported in the

databases but could not be associated with anysgdesrribed in the GenBank (Table
2.3). Two TDFs, CaFRi39 and CaFRi48 representedieseps from the wheat EST,
Acc. Nos. CA681381 challenged k. graminisand BJ221482, respectively, while
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clone CaFRi2 was similar to a sequenc®inus which was also induced. Three other
TDFs, CaFRil, CaFRi23 and CaFRi30 did not yield amegntity matches with either
known gene sequences or ESTs. Though these tgaisscaduld not be annotated, they
remain positively associated to defense responshkickpea to FOCL1 infection.

2.3.6. Gene expression analysis of identified TDy reverse northern analysis and
northern blot analysis

Reverse northern blot hybridization is routinelypdoyed to confirm differential gene
expression of many transcripts in parallel thatunexs only a few micrograms of the
source RNA pool. Reverse Northern blots represeimtédg. 2.5show expression of 19
TDFs. Fig. 2.5a, shows TDFs similar to genes hawstblished role in defense; for
example, WRKY, 14-3-3 protein, NBS-LRR, chitinaseldydrolase. These genes were
found to be induced in the resistant infected gheeksamples. TDFs CaFRI3, 4, 9, 11
and 33 showed a similar pattern, with increasedractation of the transcripts at 2 DA,
followed by a substantial decrease at 8 DAI. CloBasRi26 and 28 were homologous
to NBS-LRR and hydrolase and exhibited higher kel transcripts even up to 8DAI.
TDFs CaFRil2 and CaFRil5 both, although denote LidR-type of retroelements,
CaFRil2 was found to be expressing higher at 8 B&\lcompared to CaFRil5 (Fig
2.5b). CaFRi20, a Ty-1 copia-type retrotransposequence, had its transcript signal
decreased considerably at 8 DAI as compared toahat DAI. CaFRi36 and 42 had
homology to mitochondrial F1 ATPase and ribosonmmatgin and their transcript signals
in the resistant infected cultivar at 2 DAI werglier as compared to 8 DAI (Fig 2.5¢).
CaFRi51 was similar to plasma intrinsic proteirelikequence and showed increased
transcript signal in the susceptible infected galtiJG-62 at 2DAI; this was puzzling
considering the fact that it was isolated as beaipgregulated in resistant infected
cultivar. TDFs CaFRi39, 2 and 48 were similar toestESTSs in the database and showed
enhanced transcript signal in Rl at 2 DAI (Fig 3.56aFRil1, 23 and 30 with no
similarities to any of the sequences in the GenBiatbase showed a similar expression
pattern with higher transcript accumulation at 2IAthe resistant infected cultivar (Fig
2.5e). The expression of the seven TDFs from cDNM¥RR was also confirmed using
reverse northern (Fig 2.5f). The induced expresgias observed in the resistant sample
2 days after challenge with FOC1. The transcriptle of CaFRi56 and CaFRi62 were
detected even at 8 DAI though they were lower thartranscript levels at 2 DAL
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Figure 2.1: a) Chickpea seedlings hydroponically growing invgifo chamber; b) JG-62
seedling showing wilting symptoms after infectiothnFOC1 while Vijay seedlings are
healthy after infection; ¢) Root morphology of J&-&nd Vijay after infection; d)

Difference between infected roots of Vijay coverith fungal mycelial mass and non-

infected roots without any fungal mycelia.
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Figure 2.2: Representative amplification profiles generated RBAPD primers.
Templates were cDNA libraries, RC (lanes 1), Rhé& 2) and SI (lanes 3). The upper

number indicates the primer number used for ancglifon for the set of three cDNA

libraries. Arrows indicate DNA fragments differeadty detected in roots of resistant
infected chickpea cultivar Rl (WR315).

Table 2.1: Summary ofthe transcript-derived fragments (TDFs) clones ftified by

cDNA-RAPD, containing sequences induced duringdde. The nucleotide-homology

of the TDFs with sequences in the database usi®SBI algorithm

Clone GB
Id Accession

Length
(bp)

Homology

e-Score

TDF similar to known genes

CaFRi60 DR749500

650

TDF similar to known ESTs

CaFRi58 DR749499

CaFRi62 DR749501

CaFRi65 DR749502

CaFRi67 DR749503

CaFRi70 DR749504

266

516

312

478

519

Gamma-glutamylcysteine syasiaetnRNA

G maxcDNA clone Gm-r1083-4905 [gi 3941321]
M truncatulaclone pGLSD-33B19 [gi20175779]
M truncatulaclone pHOGA-7H14 [gi 13781558]
M truncatulaclone MTUS-15C7 [gi 33105673]

L corniculatusclone SPD012c01_f[gi 45578828]

TDF not similar to any sequences in the GenBank

CaFRi56 DR749498

379

No match

le-147

le-20

7e-138

le-27

4e-62

8e-107
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Figure 2.3: Representative amplification pattern from threeNéDlibraries, resistant
control (RC), resistant infected (RI) and suscdetibfected (Sl), displayed by cDNA-
AFLP visualized on 6% polyacrylamide gel by sihstaining. Templates were cDNA
libraries, RC (lanes 1), RI (lanes 2) and Sl (la8¢s A) Transcripts differentially
expressed in RI, B) Transcripts up-regulated in R), Transcripts differentially
expressed in Sl, D) Transcripts up-regulated ina®dl E) Transcripts differentially

expressed in RC.
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Figure 2.4: TDFs identified after differential display weretegorized into five classes
and are schematically represented as the threkescirepresenting the three libraries
under study Green- Resistant infected; Red- Sustepinfected; Blue- Resistant
control, and the area under the overlap denotedittezent classes detailed in Table 2.2.
The area under the triangle represents the nowrréliffially expressing TDFs. RI-
resistant infected with FOC1, RC- resistant con{rat infected) and Sl- susceptible
infected with FOCL1. A, B, C, D and E are as desttiim Table 2.2.

Table 2.2: Differentially expressing TDFs identified after fdifential displays were
categorized into five classes A, B, C, D and E;described here and are schematically
represented in Fig 2.4. RI- resistant infected WHBC1, RC- resistant control (not
infected) and SI- susceptible infected with FOC1.

- No. of -
Class Origin of TDFs TDEs Remarks/Significance
Bands seen only in the resistant Represents genes/transcripts differentially exgess

A : 78 . ; : ; ) i
infected (RI) sample in resistant cultivar during pathogen infection.

B Bands of more intensity in the RI 46 Represents genes/transcripts which are up regulated
sample in resistant cultivar during pathogen infection
Bands seen only in the susceptible Represents genes/transcripts differentially exgess

C . 52 . . . ) X )
infected (SI) sample in susceptible cultivar during pathogen infection

D Bands of more intensity in the Sl o5 Represents genes/transcripts being up regulated in
sample susceptible cultivar during pathogen infection
Bands seen only in the resistant Represents genes/transcripts differentially exjebss

E control (RC) sample or bands of more 72 or up regulated in the resistant cultivar under no
intensity in the RC pathogen stress.

Total Differentially Expressed TDFs 273

49



To validate the cDNA-AFLP and to reconfirm reverserthern expression
patterns, four TDFs encoding different classesrofgins were analyzed by traditional
Northern blot hybridization and kinetics of thefariscript accumulation in response to
pathogen challenge is shown in Fig. 2.6. The itidacpattern observed in northern
analysis showed that all the four TDFs tested (G4FRaFRi3, CaFRi9 and CaFRill)
were in conformity with the expression profiles ebh&d with the cDNA-AFLP and

reverse northern analysis.

2.4. Discussion

2.4.1. Application of cDNA -RAPD and -AFLP for isoation of differentially
expressed transcripts in chickpea roots

The transcript profiles were compared from thre&lAOibraries by cDNA-AFLP and
cDNA-RAPD to successfully isolate transcripts eitliifferentially expressed or up-
regulated in resistant chickpea cultivar challeniggdOC1. The differentially expressed
bands were classified depending on their origin aature of expression into five
categories as shown in Table 2.2. DNA fragments Weae differentially expressed or
up-regulated in resistant cultivar challenged byCEQclass A and B) are presumably

contributing to the resistance mechanism and westegentially cloned and sequenced.

A total of 1200 amplified fragments from cDNA-RARDuld identify 7 TDFs of
class A and B. On the other hand, cDNA-AFLP experita allowed me to survey more
transcripts generated during the chickpea rootctide by FOCL1. A total of 273 TDFs
(13.65% of all the TDFs generated), showing difféied expressions, were identified
from approximately 2000 TDFs generated using cDNA:-R. Of these 273
differentially expressed TDFs, 78 and 46 TDFs wedsmntified as being differentially
expressed (class A) and up-regulated (class B)eotisely, in the roots of the resistant
infected chickpea cultivar. A total of 77 TDFs (28% of the total differentially
expressed TDFs) were identified from the suscepithiltivar, JG-62 of which 52 were
differentially expressed (group C) and 25 were egufated (group D). The transcripts
from these two groups represent the genes thaindueed in the susceptible cultivar
upon pathogen challenge. However, they might adgoesent transcripts derived from
the pathogen considering intense disease progressid rampant pathogen growth.
From the uninfected resistant seedlings, 72 TDFsewdentified showing differential
expression (TDFs in group E). The transcripts fribims category would also represent
genes that are either silenced or down-regulatedemesistant cultivar during pathogen

challenge.
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Table 2.3: Summary of the transcript-derived fragments (TDEghes identified by
cDNA-AFLP, containing sequences induced duringdtié®. The nucleotide-homology

of the TDFs with sequences in the database usi®BI algorithm

Length
Clone Id GB Accession Homology e-Score

(bp)

TDFs similar to genes having role in defense

CaFRi3 DR749491 300 WRKY protein 8e-05*
CaFRi4 DR749492 262 14-3-3 protein 2e-23
CaFRi9 DR749494 228 NBS-LRR 2e-22
CaFRi1ll DR749495 286 NBS-LRR 3e-07
CaFRi26 DR749481 229 NBS-LRR le-33

CaFRi28 DR749482 201 Hydrolase alpha/beta fold lfaprotein  6e-06
CaFRi33 DR749484 145 Class Il chitinase 9e-08

TDFs similar to Organelle genes

CaFRi36 DR749485 103 Mitochondrial F1 ATPase 1le-09
CaFRi42 DR749487 155 60S ribosomal protien L10 2e-0
CaFRi51 DR749489 88 Plasma Intrinsic protein [pigeRe] 3e-06

TDFs similar to Retroelements

CaFRil2 DR749493 400 Non-LTR retroelement 2e-05
CaFRil5 DR749496 206 GAG-POL precursor gene 8e-11
CaFRi20 DR749479 170 Ty-1 copia retrotransposon 76le-

TDFs similar to known ESTs

CaFRi39 DR749486 273 cDNA clone wim24.pk0020.e10 -7Qe
CaFRi2 DR749490 305 pinus induced compression wood  2e-04
CaFRi48 DR749488 284 cDNA clone wh25g01 le-41
TDFs not similar to any sequences in the GenBank

CaFRil DR749497 199 No match -
CaFRi23 DR749480 137 No match -

CaFRi30 DR749483 20 No match -
*Short sequence protein BLASTX
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When the total up-regulated (45.43%) and down-iggdl (54.57%) transcripts were
compared, the latter slightly outnumbered the fortt®ugh the difference was not
significant (P=0.1301) when compared using one $amfest. This indicated that the
genes, which are down-regulated, might also playgumlly important role as genes,

which are up-regulated during the course of pathagiection.

Despite the recent development of high-throughfultgenome expression
systems like microarray, which rely on comparisbétwn samples and prior knowledge
of gene sequences, cDNA-AFLP would remain a usédghnique since several

transcript pools can be compared in the same expaiti

In the present study three tissue samples, resistamoculated control, resistant
challenged and susceptible challenged were compuareidh could choose transcripts
expressed only in resistant-infected roots offeangadvantage to effectively negate the
pathogen-derived transcripts. Another importantuesaof this study is comparison of
transcripts from cDNA libraries. Libraries of cDN&e in use since long, mainly for
cloning specific genes, and recently for generai&y's. A novel approach of cDNA-
AFLP was exploited with libraries to demonstratecassful isolation of differentially
expressed transcripts. This has several advantaged) it requires a simple PCR with
flanking vector primers to rescue the cDNAs in fiiwary, 2) based on the TDF
sequence, full-length cDNA can be easily isolatednf the library either by PCR with
primers designed from the TDF or by screening titbealy with the TDF. One
disadvantage in the PCR amplification before AFLRyrbe the reduced sensitivity to
differences between the transcript levels that heag to failure in discriminating the
marginally differing transcripts.

2.4.2. ldentification of transcription factors induced during FOCL1 infection

From the cDNA-AFLP experiments, 19 differentiallypeessing TDFs were isolated, of
which 10 showed homology with known genes (Tabl8).2Interestingly, 7 TDFs
belonged to genes known to be associated with defegsponse. CaFRi3 corresponded
to a WRKY protein and was up regulated specificallyoots of the resistant chickpea
cultivar upon FOC1 infection. These results weneststent with the early expression of
WRKY transcript in coffee two days after challengye rust fungiHemileia vastatrix
detected by RT-PCR technique (Fernandeal, 2004). Plant WRKY DNA binding
proteins recognize a TGAC core sequence in vaNgusox elements that are present in

promoters of several defense-related genes (Rusiniisomssich 1998).
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Figure 2.5: Reverse northern analysis of TDFs identified byNéDAFLP and cDNA-RAPD in chickpea roots. 19 cDNA-BF TDFs and seven
cDNA-RAPD TDFs were hybridized with pg of total RNA from JG-62 susceptible control (S@(-62 susceptible infected (Sl), Vijay resistant
control (RC) and Vijay resistant infected (RI) aDAIl and 8 DAI during the FOC1 infection. The foNog groups of TDFs were analyzed,

Figure 2.5 (a): TDFs similar to defense related genes.
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Figure 2.5 (c): TDFs similar to genes encoded by mitochondriardyasome
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Figure 2.5 (e): TDFs showing no homology to any sequences in #r@Bank database.

55




2 DAI

SC SI RC RI

corsis [ I
cornss [
crscn [ [
- -
e —

corsio [ I
o comi [ [ I

Figure 2.5 (f): TDFs identified by cDNA-RAPD in chickpea roots;ERi 60 corresponds to gamma-glutamyl-cystiene s\ate.
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Figure 2.6: Induction of transcript accumulation in chickpeats after challenge with FOC1 analyzed by North#ot. Expression levels for clones
CaFRi4 (14-3-3 like protein), CaFRi3 (WRKY like pem), CaFRi9 and CaFRill (NBS-LRR) at 2 DAI in sestible control (SC), susceptible
infected (SI), resistant control (RC) and resistafécted (RI) are shown. 1@y total RNA from roots was examined. Ribosomal RNv&se stained
with ethidium bromide (Et. Br.).
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It is evident from recent reports that WRKY tramgtton factors are implicated in the
rapid responses of plants to wounding, pathogemsdoicers of disease resistance (Chen
and Chen 2000; Durraet al, 2000; Fernandeet al, 2004; Hareet al, 2000; Wanget

al., 1998 and Yangt al, 1999). The pathogen-induced WRKY DNA-binding tpios
may serve as common transcriptional activatorsrédilate the expression of a large set
of pathogen-responsive genes throughout the plagtiem (Du and Chen 2000). Direct
evidence of the involvement of WRKY proteins in elefe process remained limited
until recently, when a common regulatory comportbat mediated cross-talk between
the antagonistic salicylic acid- and jasmonic adebendent defense signaling pathways,
was identified asArabidopsis WRKY70 (Li et al, 2004). Tobacco chitinase gene
CHN50(Fukudaet al, 1999) was reported to contain the GTAC core eege in W box
element of its promoter region to which WRKY protdiinds to induce its expression.
Interestingly the CaFRi33 that was observed tandecded is similar to class Il chitinase
transcript. The transcript CaFRi4 showed induce@ression only in the resistant
infected chickpea (Fig 2.5a) with homology to a3t8-protein fromPisum sativum
Reverse northern blot analysis revealed that, CaBRowed maximum expression at 2
DAI, which decreased at later stages of infectibower level of expression of this
transcript was seen in roots of the uninfectedejuisile and resistant varieties as well as
the susceptible infected. 14-3-3 proteins are phosgrine/threonine-binding proteins -
they bind to a range of transcription factors arhep signaling proteins, and play
important roles in the regulation of plant develgmmnand stress responses (Richter and
Ronald 2000). These proteins participate in themksd reaction by regulating the proton
pump (H+-ATPase) to initiate the hypersensitivgpoese to fusicoccin, a fungal toxin
produced byFusariumsp (Roberts 2003). Fusicoccin, known as activafdd*ATPase

is also reported to stabilize interaction betweeh343 and regulatory domain of
H*ATPase protein (Bunnegt al, 2002; Roberts 2003). It, therefore, falls intage to
find 14-3-3 induced by FOC1 infection, moreover TODRFRI36 represents transcript
encoding ATPase like protein. The transcripts fdr313 encoding protein were also
reported to accumulate in barley leaves in respdosénoculation with Blumeria
graminis (Collinge et al, 1997; Gregersent al, 1997). These proteins appear to be
more strongly induced in the resistant cultivamtha the susceptible cultivar and the
highest induction of this transcript has been reggbin the 2-week-old resistant potato

cultivar at 72 hrs after infection withhytopthora(Roset al., 2004).
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2.4.3. Resistant gene TDFs induced during bioticrsiss in chickpea
CaFRi9, CaFRill and CaFRi26 showed homology to NBE&- like sequence from

Ageilops tauschiiReverse northern blot analysis of these TDFs sHouifferential
expression in resistant infected roots when contptréhe controls of both, the resistant
and susceptible, chickpea roots (Fig 2.5a). Theel$ewof CaFRi9 and 11 in the
susceptible cultivar upon FOCL1 infection were lowean that of constitutive signals in
resistant cultivar. However, higher accumulatiorCaiFRi26 transcript was observed in
the resistant infected as compared to other trgotsoeven after the 8 DAI (Fig 2.5a),
though its level was lower as compared to 2 DAl Phoportion of CaFRi26 was higher
than that of the other two transcripts, CaFRi9 @a#Ril1l, at 8 DAIL. NBS—LRR protein
is a predominant class of plant R proteins thatfergnresistance to many plant
pathogens. Although it is not yet clearly underdtdmow these proteins function,
experimental evidences indicate that the pathogengnition is primarily determined by
the highly sequence-variable LRR modules (Deslardes., 2002). Members of this
gene family are involved in conferring resistanoetéamato vascular wilt caused by
Fusariumoxysporunt. sp.lycopersicirace 2 (12C), which show structural similarity to
resistance genes that contain a NBS-LRR motif €Dal, 1997). CaFRi28 and CaFRi30
having sequence similarity to hydrolase and chsgneespectively were isolated being
differentially expressed in resistant infected $iegdand the same was also confirmed
by reverse northern (Fig 2.5a). Antifungal hydrelasare reported to be induced in
conjunction with other pathogenesis-related pratein typical systemic acquired
resistance responses (Bet al, 1990; Ryalset al, 1996). Hydrolases have been
implicated in induced resistance response agaif3C Face 0 in chickpea root
(Cachineroet al, 2002). Differential induction of chitinase adtyv in the resistant
chickpea cultivar, Vijay and its association widsistance reaction was shown in earlier
study from my laboratory (Giet al, 1998). Of the seven RAPD-TDFs only one TDF,
CaFRi60 showed sequence identity with a known ggotamyl cystiene synthatase,
which is a key enzyme in glutathione productiond &nown to have increased levels
during the oxidative stress when plants are subgetd biotic or abiotic stress conditions
(Matamoroset al, 1999; Mayet al, 1998).

Four TDFs were selected for RNA gel blot analysisalidate the cDNA-AFLP
and reverse northern expression patterns. The tiodupattern observed in northern
analysis showed that the four TDFs tested (CaFR&FRi3, CaFRiI9 and CaFRill)
largely confirmed the expression profiles obserweth the cDNA-AFLP analysis as

well as the reverse northern (Fig 2.6). Northeralygsis showed that the 14-3-3 like
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protein (CaFRi4), WRKY like protein (CaFRi3) and SBRR like gene transcripts
(CaFRIi9 and CaFRill), are mainly induced in théstast chickpea cultivar at 2 DAI
with FOC1 and that their transcription decreasethvonger periods of challenge.
Nevertheless, the cDNA-AFLP technique allowed ttsmlation of differentially

expressed genes under the conditions tested.

2.4.4. Retrotransposons induced during pathogen change
Two transcripts CaFRi12 and CaFRil5 showed homotogyon-LTR sequences while

CaFRi20 was similar to Ty copia-like element fr@narietinum.These transcripts were
differentially regulated in roots of the resistarfected cultivar, Vijay (Fig 2.5b), though
the level of expression in the uninfected resistattivar was higher than the expression
level in the roots of uninfected as well as infectrisceptible chickpea cultivars. The
transcript level of CaFRi12 was higher in resistafécted seedling even at 8 DAI as
compared to the other two TDFs, CaFRil5 and CaFR&D representing the
Transposable Element (TE) like sequences. Retsjicsons have been proposed to
capture the inducible promoters of defense gene# arorollary; they could have
provided their inducible promoters to some planfedse genes (Grandbastienh al,
1997; Takedeet al, 1999). Many transposons (TntlA, TntlB, TntlC,REAl and
Ttol) are also reported to be induced during biatid abiotic stress (Casacuberta and
Santiago, 2003). Retroelements are known to bedfaumesistant gene clusters like the
Fusarium wilt resistance locus in melon (Fom-2)t tbantains two retroelement-like
sequences and three sequences with similarity té\ Dddnsposons (Joobewt al,
2004). Resistance gene clusters in plants confemdce-specific resistance are often
large tandem repeats of highly polymorphic gend® ficeXa2l1gene family has been
shown to contain a high number of transposable ehsn including LTR-
retrotransposons and MITEs inserted within theedgéiht genes (Sorgt al, 1998). In a
largely accepted view, the high variability neededvolve new resistance specificities
in host plant is generated by the insertions ohdp@sable elements (Reijasst al,
2003).

2.4.5. TDFs identified in compatible interactions:High expression in susceptible
cultivar

Unlike other TDFs CaFRi51 was a unique clone tHaiwed higher expression in

susceptible-infected root tissue as compared t@dhérol and resistant infected cultivar
(Fig 2.5¢). The BLAST search identified this TDHa® a Plasma Intrinsic Protein (PIP-2
gene), which is an ‘aquaporin’ (the closest hifrisn pea gi|5139538; E score = 3e-06).

Aquaporins represent a fairly large family of gemesing role in nutrient uptake and
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phloem loading/unloading of water and nutrientsulamd Maurel 2005). They are also
known to be expressed in high amount under drooghditions (Jangt al, 2004). The
FOC infection causes wilt by plugging the condugtstrands, which creates virtual
drought like conditions in root tissue, which isdly to trigger expression of aquaporins.
It is expected that this condition be pronouncedoots of susceptible cultivar as the
pathogen infects several parts of the root. Theeadis responsive TDF, CaFRi51
(although isolated as differentially expressed frooots of resistant cultivar) having
homology with aquaporins might have produced higfignal in infected susceptible
roots in the reverse northern experiment. Nevesi®elthis TDF needs more
experimentation to explain its anomalous behawefore classifying it as ‘leakage’ in
CcDNA-AFLP.

The cDNA-AFLP technigue was thus a very useful toothe global survey of
the genes expressed in chickpea during the infeetith F. oxysporumThe technique
could identify many transcripts involved in the tipathogen interactions. The study
shows that the chickpea defense response exhibitksties to that of earlier known
defense responses in different plant species. @tegenerated from such studies would
provide the initial clues for guiding further furemal studies of resistance in chickpea

Fusariuminteractions.

2.4.6. Correlation of genes and genetics of wilt sestance in chickpea
The obligatory self-pollination and thousands o&ngeof repeated selection might have

streamlined the genome/gene pool of chickpea aradrasult it has become extensively
uniform. The lack of diversity in cultivated chiokg@ has been well reviewed by Abéb
al. (2003). RFLP was of less use in detecting polyh@m in chickpea, because of the
homogeneous genome Gicer (Simon and Muehlbauer 1997), RAPD also revealed lo
polymorphism in chickpea germplasm (Sasit al, 1999). The amount of genetic
variation detected withirC. arietinumusing AFLP was less than that detected within
almost all of the wildCicer species indicating that most of the cultivat€tter
accessions are genetically similar (Nguyetnal, 2004). Three independent loci for
resistance to race 1 have been reported by Upadleya}l (1983a; 1983b) and Singtt

al. (1987) and designated bg h,, andhs. Their studies have indicated that dominant
alleles at the first two lociH1IH1H2H2h3h3 give early-wilting (wilt susceptible), but
recessive allele at both the lodilh1h2h2h3hB confers complete resistance (wilt
resistant). Further, the recessive allele in horgoag form at any one of these two loci
(h1h1H2H2 H1H1h2h3 is reported to give rise to the intermediate atedwilting
phenotype (Brindha and Ravikumar, 2005; Simghal, 1987). The genotypes of the
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susceptible (JG-62) and resistant (WR-315 and Vijayrieties chosen in the present
study probably differ only at the two loci, H1 aH@. The resistant lines were designated
to be homozygous recessive at all the three(lahih;h,hshs) while the susceptible line,
JG-62, was characterized having the genotypdiH;H>H>hshs. As the two resistant
varieties WR-315 and Vijay have similar genotypeidt resistance, the TDFs isolated
from cultivar WR-315 by cDNA-AFLP could be validdtén Vijay; both, the cDNA-
AFLP and reverse northern profiles of these TDReed)to a large extent. Mapping and
tagging of Fusarium resistance using molecular srarkwas attempted by several
workers and these efforts identified QTL clustefsesistant genes (Ratnaparkéteal.,
1998; Santreet al, 2000; Sharmat al, 2004, Spielmeyeet al, 1998;Winter et al,
2000. Identification of resistance genes in chickpes also attempted using resistance
gene analogues (RGA), or known resistance gendashwévealed marginal differences
among the resistant and susceptible chickpea audtijFlandez-Galveet al, 2003;
Rajeshet al, 2002; Tekeoglet al, 2002). The efforts by me to employ RGAs for
screening these libraries did not reveal significdifferences (data not shown). It is
understood that the difference between resistandesasceptibility depends on early
detection of pathogen and prompt induction of deferesponses (Hammond-Kosack
and Jones 1996). The transcription factors 14%8/RKY and the NBS-LRR identified
in this study represent key factors governing tbetection and activation thus
differentiating between susceptibility and resis@aim chickpea. It would, therefore, be
interesting to map them to check if they are asdediwith the previously identified loci

that have resistance gene clusters (Huettal, 2002; Tekeoglet al, 2000).

In conclusion, TDFs accumulating in resistant galtiroots challenged by FOC1
were successfully identified by employing transcppofiling techniques. cDNA-AFLP
is a robust and useful technique to compare mane tihvo cDNA libraries. Transcription
factors 14-3-3, WRKY and NBS-LRR were induced inyeeesponses in chickpea roots
with FOC1 infection. While structural genes likednglase, chitinase, gamma-glutamyl-
cystiene synthatase and aquaporin also mark tickpea defense response.
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Chapter 3

Molecular cloning of 14-3-3 genes from
chickpea (Cicer arietinurn) and their
characterization.

The research work described in this chapter has been
communicated as a full-length paper to Plant Science




Abstract

Fusarium oxysporuns a ubiquitous soil-borne fungus, existing ashbpathogenic and
nonpathogenic variants which colonizes root corféde pathogenic strain of the fungus
invades the plants’ vascular system and plugs dmelucting strands leading to wilt.
However, the molecular events that lead to onsehefdisease or resistance in host
plants are poorly understood. In earlier chapter d2TDF corresponding to 14-3-3 has
been isolated as one of the stress responses okpelai challenged byusarium
oxysporumf.sp. ciceri racel (FOC1). In the present chapter | have iiyesd
expression of two 14-3-3 isoforms in chickpea rowmtsresponse to the pathogen
challenge. Semi quantitative RT-PCR using geneifspamrimers revealed constant
basal-levels of 14-3-3 transcripts in chickpea saotder normal growth conditions, and
diverse transcription patterns in response to FP&thogen attack in the roots of FOC1
resistant (Vijay) and susceptible (JG-62) varietieshickpea. Pathogen responsive gene
expression patterns of 14-3-3s indicated an exjrespecificity of the isoforms in the
14-3-3 gene family. Phylogenetic analysis of felidjth cDNA sequences and deduced
amino acid sequences showed that these two 14s8f8rins were clustered in two
different groups that are presumably involved ia #ignaling pathways in response to

Fusariuminfection.
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3.1. Introduction

The 14-3-3 proteins were characterized initiallyidg a survey-and-catalogue project of

proteins that appeared to be specific to mammaliam tissue (Moore and Perez, 1967).
Operational designations were given to proteinsetbasn chromatography elution and

starch-gel electrophoresis profiles. Several thmeebered proteins appeared to be brain
specific, including 15-4-1, 4-4-2, and 14-3-3. FHoe 14-3-3 proteins, subsequently this
three-numbered designation has become tteeitactoname, even though it conveys no

functional information. Some proteins from thisti@li catalogue were renamed once a
function was determined, but for the 14-3-3 prateihe three numbered designation

nomenclature has persisted.

In the recent times the Greek letter designatamesused for the members of the
Arabidopsis14-3-3 family of proteins. This nomenclature iskieeping with the early
14-3-3 literature, which originally differentiateédde 14-3-3 protein variants as isoforms
that were eluted differentially during column chmawgraphy of brain extracts.
However, the current list of 14-3-3 isoforms froArabidopsisis based on gene
sequences rather than biochemical differentialioaddition, the three-letter gene name
for Arabidopsisl4-3-3s is GRF (general regulatory factor) (Rooaeg Ferl, 1995), and
Arabidopsisl4-3-3 gene and isoform designations often inchidename GF14 (G-box
factor 14-3-3 homolog) preceding the Greek letWu (et al, 1997). In the time since
their initial discovery, 14-3-3s have been foundcwery eukaryotic organism tested, yet
remain absent from the genomes of prokaryotes ¢Aitk al, 1992; Ferlet al, 1994;
Ferl, 1996; Wang and Shakes, 1996; Rosengtiigt, 2000). Hence, the 14-3-3s appear
to be a wide-spread, but essentially eukaryoticilfarof proteins, and are now

considered an integral part of signal transduction.

In plants, a number of 14-3-3 genes have beentiidely and additional
functional roles of their products, have begun ® identified, apart from their
interactions with the HATPase. For example, initially the 14-3-3 proteifism
Arabidopsisand maize were found as part of a transcriptictofacomplex (de Vetteat
al., 1992; Luet al, 1992). Later it was identified that 14-3-3 piogecomplex with the
maize transcription factors EmBP1 and VP1 and nuagtion as adapter molecules to
establish a complex between the two factors (Szhatlal, 1998). A different role for
14-3-3 proteins could be assigned due to theirliroent in the regulation of nitrate
reductase (NR) (Bachmaret al, 1996; Moorheackt al, 1996). NR is regulated by
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phosphorylation, and its activity is inhibited whe#3-3 proteins are bound specifically

to the phosphorylated form of the protein.

One of the notable components of the plant deferetevork is the 14-3-3
proteins which have been previously shown to beegylated during pathogen attack
(Roberts and Bowles, 1999). These phosphoserirdirgjiproteins regulate the activities
of a wide array of targets via direct protein-pnotieteractions. 14-3-3 proteins are also
known to be involved in transcription by interagtiwith the G-box binding complexes
(de Vettenet al, 1992; Luet al, 1992) and TATA box binding proteins (Pah al,
1999). The 14-3-3 family is found across severgaorsms and usually consists of
multiple genes as well as protein isoforms. Theadiity arising from multiple isoforms
and functions, derived from large number of orgasishas led to ambiguity regarding
nomenclature and function of 14-3-3s. However, s#vevidences have strongly linked
14-3-3 proteins to the metabolic and signaling watfs for plant growth regulation and
responses to environmental stress (Caeml, 2006). The most prominent paradigm
involving function(s) of 14-3-3s in plants includesgulation of plasma membrané-H
ATPase, nitrate reductase (NR) and sucrose phas@yathase (SPS) (Chumg al,
1999; Sehnket al, 2002). The 14-3-3 proteins play key functiormés in many critical
physiological pathways that are regulated by phosgpation and complete the signal
transduction process by binding to the phosphagilaargets (phosphoserine/threonine)
or effect structural changes that regulate or matduhctivity of the target proteins. This
functional trait is deeply engrained in the higbbynserved structural core of the 14-3-3
dimer, which provides grooves for binding two sfieaily phosphorylated peptides. The
primary diversity among 14-3-3 isoforms lies in thend C termini, with the C-terminal
region forming a flexible hinge guarding accessh® central core region (Sehnke and
Ferl, 2000).

Chickpea, a globally important food legume crogdfess immense damages due
to the wilt disease, caused by the soil-borne farigisarium oxysporum In previous
chapter (2), using cDNA-AFLP | could isolate a TBBm FOC1 challenged chickpea
roots that revealed homology to the reported 14s&@uences. In this study we have
isolated and cloned 2 full-length 14-3-3 isoformsd ehave studied their differential
expression pattern in roots when challenged with pathogen. The 14-3-3 gene
expression was compared between chickpea varteaesvere either susceptible (JG-62)

or resistant (Vijay) to FOCL1. Kinetics of expressiof two 14-3-3 genes derived from
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resistant chickpea root cDNA was studied by senmitjteive RT-PCR at 1, 2, 4 and 8
days after infection (DAI) with FOC1.

3.2. Materials and Methods

3.2.1. Plant material, growth conditions and stresgeatment
Chickpea plants of wilt-susceptible (JG-62) andsigtant (Vijay) cultivar were grown

hydroponically under sterile conditions on floatstiays containing 3L of half strength
Hoagland’'s medium (Hoagland and Arnon, 1950). Fifignts were grown in each tray
in a controlled environmental growth conditions2#C and 60% relative humidity
under white light and normal day length (14 h ligbth dark). Seedlings were infected
with the pathogen (FOC1) after 7 days of growtlthefseedlings. Freshly prepared spore
suspension (10 mL of #§pores/mL) of FOC1 was added to the sterile hydrimpivays.
Stirring the water in the trays with sterile glass at regular intervals ensured uniform
spread of fungus and infection. Five seeds of JGS2were sown in each tray as an
indicator of successful infection and wilting. Skegs grown in similar trays with no
pathogen inoculation served as an uninfected ptantrol. At harvest, the seedlings
were removed from the floats in hydroponic traysl éime infected roots were briefly
rinsed with sterile DEPC treated water, to freetb#f adhering fungal mycelia, quickly
frozen in liquid nitrogen and stored at -&D till further use. Samples were collected in
duplicates for Vijay and JG-62 after 1, 2, 4 ardA.

3.2.2. RNA extraction and cDNA preparation

Total RNA was extracted from root samples colleaedifferent time intervals such as
1, 2, 4 and 8 DAI with FOC1 using TRIzol reagemv{trogen, USA) according to the
manufacturer’s instructions. Total RNA was treatgth RNase free DNasel (0.1 U per
ug RNA) at 37C for 1 h in the presence of RNasin (0.4U) and teated by heating at
65°C for 15 min to remove the contaminating genomicADNlhe RNA was precipitated
with 3M sodium acetate (pH 5.2) and absolute ethaheBEC for 1 h, pellet collected
by centrifugation at 12,000 g for 10 min &C4and resuspended in 10 of DEPC-
treated water. Five microgram of total RNA thusaoié¢d was used to synthesize first
strand-cDNA by incubating at 70 for 10 min in the presence of 1Q® oligo d(T)s
primer and snap chilled on ice. Reverse transompivas carried out in a 34 reaction
containing 1pl (10U/ul) Powerscript RT III (ClontecUSA), 2 ul (10X) first strand
synthesis buffer (250 mM Tris-HCI, pH 8.3, 250 mMCK 20 mM MgCI2), 1 ul DTT
(50 mM), 1 ul RNasin (10U) and 2 pl dNTPs (0.5 mai%2C for 1.5 h, and terminated
by heating at 7T for 10 min. Three independent replicates of #wction were pooled
and used as template for PCR amplification.
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3.2.3. Primer design, cloning and sequencing of 343 isoforms from chickpea roots
Among the differentially expressed fragments prasip (chapter 2) studied in wilt

resistant chickpea cultivar Vijay, a specific 262 TOF (DR749492) had been identified
with significant similarity to 14-3-3 like proteirBased on its homology to 14-3-3 gene
sequences from other plantdddicago truncatulaVicia fabaandPisum sativury two
sets of primers were designed using Fast PCR sa@t(i@lendar, 2007) as in Table 3.1
(Sigma Aldrich, USA). The first set of primers (Rll- and F2-R2) were designed based
on Glycine max(U70535) andVicia faba (AB050953) sequences while the second set
(F3-R3 and F4-R4) was designed using the sequericea Cicer arietinum
(DR749492),Pisum sativun{AJ238682) and/icia faba(Z48504), wherein the 262 bp
(DR749492) sequence matched with AJ238682 and 24850

The primers generated an amplicon of ~790 bps, falinthe four samples viz-
susceptible control (SC), susceptible infected,(&¥istant control (RC) and resistant
infected (RI) chickpea cultivar roots. cDNA derived explained above was used as
templates in a PCR reaction of 20 pl volume caimgjof: 1.5 mM MgC}, 50 mM KCl,
2.5 mM each of dATP, dCTP, dGTP and TTP (Amershars@ences, USA), 10 uM
primer and 0.6Urag DNA polymerase (Promega, USA). Amplification wasrfprmed
in a PTC-200 (MJ Research Inc., USA) programmed94fC for 1 min followed by 35
cycles each comprising 30 sec at 94°C, 1 min aC%5%d 1.30 min at 72°C with a final
extension of 5 min at 72°C. Amplification produetere resolved on 1.0% agarose in
0.5X TAE buffer (pH 8.0) and visualized by ethidiloromide staining. All the reactions
were repeated at least thrice to ensure reprodiigibi

The fragment(s) thus amplified were ligated inG@EMT-Easy vector (Promega,
USA) and transformed into competdst coli a-DH5 cells. Plasmid was isolated from
positive transformants (white colonies against ldoknies) by the alkaline lysis method
(Sambrooket al. 1989) and purified using the Wizard Plus MiniprepA purification
system (Promega, USA). The insert was sequencedirdationally from four
representative clones in two independent replicatas automated fluorescent sequence
analyzer using DYEnamic terminator chemistry (Mege® AmershamBiosciences,
USA).
3.2.4. Semi-quantitative reverse transcription-polynerase chain reaction (RT-PCR)
Following reverse transcription, PCR amplificatiatas carried out in a final reaction
volume of 20l using 1 ul of 1:20 diluted cDNA (derived from the root mRNA
preparation, as described above). A typical cyolesisted of a denaturation step at 94°C
for 1 min, followed by primer annealing at 56°C &0 sec (for 14-3-3), 50°C (for 18S
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RNA ) and extension at 72°C for 1 min. The PCR tieacconsisted of 25 such cycles
and a final step of incubation at 72°C for 5 miheTPCR products thus obtained were
analyzed on a 1.0% agarose gel. PCRs were camieth three independent replicates.
The dilution and number of cycles were chosen sbhaehthe PCR reaction was still in
logarithmic phase. RT-PCR of 18S RNWas used as a control for integrity and
normalization of quantity of all the test RNA samwl Identities of the amplified PCR
products (of expected size) were confirmed by segug and analysis of the amplicons

in all cases.

3.2.5. Sequence analysis of 14-3-3 deduced protein

The BLAST 2.0 program (Altschuét al, 1997) was used for nucleotide and (translated)
polypeptide homology search of the sequences ofan80786 bp amplicons against the
reported sequences in the GenBank and EMBL datatzaskalignment was performed.
The amino acid sequence was deduced from 14-3-8 gequence from chickpea and
the primary and secondary structures of the protare analyzed by using GenBank
tools, CPH-model (Lundet al, 2002) and Bioedit (Hall, 1999) software for Moléar
Biology. 14-3-3 amino acid sequences retrievedr aBeEASTx were aligned using
Clustal-X (1.8) software (Thompsoet al, 1997). 14-3-3 sequences from following
species were used for sequence comparison and gemgtc analysisMedicago
truncatula (ABE79090), Vicia faba (BAB17822, P42653, P42654Risum sativum
(CAB42546, CAB42547) Vigna angularis (BAB47119) Lycopersicon esculentum
(TO7383, TO7387, TO7389, CAB65693p0ssypium hirsutunfABD63905), Maackia
amurensiAAC15418) andPopulus canescerf&AD27823).

The nucleotide/polypeptide sequences of the twoims of chickpea 14-3-3
were also compared with 14-3-3 protein family Afabidopsisusing the following
sequences from genbank database (nucleotide amtessmbers, protein accession
numbers, greek letter isoform name): GRF9 (U60AB49334, 1), GRF10 (U36446,
AAAT79699, €), GRF8 (U36447, AAA7970%), GRF6 (U68545, AAB08482)), GRF4
(L09111, AAB06231), GRF1 (L09112, AAA96323)), GRF2 (M96855, AAA32798,
w), GRF3 (L09110, AAA32799.W), GRF5 (L09109, AAB06585p) and GRF7
(Ue0445, AAB49335,v). The phylogenetic tree was constructed using t&lXs
Treeview (Page, 1996)/ PhyloDraw software (htte#fihcs.pusan.ac.kr/phylodraw/).
Further the cDNA sequences and polypeptide seqaemere also blasted using the CVit
BLAST tool atwww.medicago.orgsite. This BLAST tool aids in the positioning biet

blasted sequences on to tMedicagophysical map.
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Table 3.1: Summary of primers used for isolation and semintjtative RT-PCR
analysis of the two 14-3-3 gene isoforms and ttiierential expression in

susceptible infected and resistant infected sawipthickpea roots.

Acc. No. used Primer (5'- 3") Gene
foaggirgr?r (Acc. Number)
[F]: CCG GTC CGC CTATGG TGT GCACCG G 18S RNA

[R]: CCT CTG ACT ATG AAATAC GAATGC CCC

Cal4331
U70535, (EF565383;
AB050953 EF643372)
Degenerate [F1]: AGA TC[S] [K]C[S] ATG GC[H] TCGN]CC AA
[R1] AAC ATI[S] [S][W]A AIK][S] G[W]A AAC [YJA[Y] CA
Specific [F2]: TCC ATG GCATCC TCC ATC GAAACCTTCG
[R2]: TTACTC TGC ATT ATC TCC TAC AGG
DR749492, Cal4332
Pasne8z, (EF565384;
EF643373)

Degenerate [F3]: ATG GCC ACC GCA CCA AC[W] CCIKIEIK] G
[R3]: GGT GCT GAT GAA AT[Y] AAA GAA GC

Specific [F4]: CCG ATG GCC ACC GCACCAACACCGC
[R4]: CTGTGG TTC ATC ATT GCC TTT AGG TGC

[K]: (T/G): [S]: (CIG); [W]: (T/A); [Y]: (T/C)
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3.3. Results

3.3.1. Isolation and cloning of two isoforms of 18-3 from chickpea
A TDF (DR749492) annotated to be a 14-3-3 like dcaupt has been earlier isolated

from chickpea roots. This TDF spans a part of 5RJ¥Egion and extends into the ORF.
This led to the isolation and characterizationha full-length 14-3-3 sequence. Based
on the 14-3-3 gene sequences reported for legumései GenBank two sets of gene
specific primers for N and C terminal regions oé th4-3-3 sequence were designed
(Table 3.1) such that they included the start aod sodons, respectively. The amplicon
from the first set of primers (F1-R1 and F2-R2) aed a 780 bp ORF and was
designated a€al4331 (Fig 3.1), while the amplicon from the second ($&3-R3 and
F4-R4) encoded a 786 bp ORF which was designaté€thd4332 (Table 3.1 and Fig
3.1). The identity of the amplicons was confirmeg l-directional sequencing of
multiple clones in independent replicates. The sages thus obtained, encoded the
entire ORF of the 14-3-3 proteins. Sequence armalgsiealed that both the fragments
showed significant identity to the reported 14-Br8teins from many plants. Further the
analysis of th&€€a14331 sequence indicated that the first ‘ATG’ of tlegjgsence was the
valid beginning codon and the longest open reafliagne (ORF) encoded a putative
polypeptide of 259 amino acids whil€al4332 similarly encoded a putative
polypeptide of 261 amino acids with the first ‘AT@5 the valid start codon of the
longest open reading frame. The predicted proteamsmolecular weights of 29.26 kDa
and 29.33 kDa, with theoretical pl of 4.72 and 4ré&pectively.

3.3.2. Comparison of 14-3-3s from chickpea and othplants:
Figure 3.2 shows a sequence alignment (ClustaltXhetwo isoforms of chickpea 14-

3-3 (Cal4331 and Cal4332), with 14-3-3 proteins fromVicia faba, Medicago
truncatula, Pisum sativum, Vigna angularis, Lycapeosn esculentum, Nicotiana
tabaccum, Goyssipium hirsutum, Maackia amurerssid Populus canescens The
alignment illustrated that the 14-3-3 gene is corex in these plants. All the isoforms
share a conserved core region, with the N- anc@nini being the most divergent. The
two chickpea 14-3-3 gene€414331 and Cal4332) share a 69% identity between
them with highly variable C terminal end (Fig 3.2).

A dendrogram constructed based on these sequehoes that, the chickpea 14-
3-3 sequences form two distinct groups whead 4331 is grouped along with 14-3-3 D
isoform fromVicia fabawhile Cal14332 is closer to 14-3-3 A isoform froiicia faba
(Fig 3.3).
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Figure 3.1: RT-PCR amplification of the two 14-3-3 genes fr@wer arietinumroot
cDNA. The amplified products were cloned into pGEMTector and sequenced using
MegaBace DNA Analyzer (AmershamBiosciences, USA9nés marked R- Resistant
cultivar; S- susceptible cultivar; MpX174 Hindlll digested marker and M2- 1000 bp
ladder.
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3.3.3. ComparingCal433-1 and Cal433-2 with Arabidopsis 14-3-3
The 14-3-3 family inArabidopsishas been extensively studied at the gene, mRNA and

protein level. The chickpea 14-3-3 deduced prossiquences were especially aligned
separately with thirteen isoforms froArabidopisis The Arabidopsisisoforms range in
length from 241 to 268 amino acids and the familgmbers break into two major
evolutionary branches, the Epsilog) group and the Non-Epsilon (Nef-group. An
alignment of the two chickpea 14-3-3 isoforms wiitle Arabidopsissequences reveals
some interesting information (Fig 3.4). The chickget33-1 isoform groups with the
epsilon types and the 1433-2 isoform into the nositen type (Fig 3.4).

The Cal4331 and Cal4332 were localized on to the linkage groups of
Medicagophysical map. Th€al4331 was localized on the linkage group 2, 3, 4 and 5
while Cal4332 was positioned at two different places on lirkkggoup 3 (Fig 3.5)

3.3.4. Comparison 0fCal433-1 and Cal433-2 between SC, SI, RC and RI
The Cal4331 gene transcripts expressed in the susceptiBe6®) and the resistant

(Vijay) chickpea varieties infected with FOC1 anshtrol were cloned and sequenced
separately from all the four samples studied (SCRE and RI). The sequence analysis
of cDNA as well as the amino acids revealed noatam in theCal4331 sequence
between the susceptible (EF565383) and resistdr@4BE372) varieties with or without
infection. TheCal4332 gene was also isolated from the susceptible §g854) and the
resistant (EF643373) chickpea varieties in allfthe samples, sequenced, and found no
sequence variation between these four samples, Tdrusoth the chickpea 14-3-3 genes
studied there was no sequence variation betweetwthgarieties, under both, normal or
pathogen challenged conditions.

3.3.5. Semi-quantitative RT-PCR

Transcription profiling of the two different 14-3-@enes was undertaken by SQ-RT-
PCR, and the results are summarized in Fig 3.6 Figd3.7. Under normal growth
conditions (control) expression &al4331 appeared to be higher in the roots of
susceptible cultivar (SC) as compared to the msistultivar (RC) or equal in both.
When challenged, (infected with FOC1) the expressibCal4331 increased in both
the Rl and S| samples, though the level of trapssnvas higher in the SI samples (Fig
3.6).
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Figure 3.2: Deduced amino acid sequence alignment of the tuwakjgba 14-3-3 isoforms with 14-3-3 protein sequsrfeemMedicago(ABE79090),

V. faba(BAB17822, P42653, P426549, sativum(CAB42546, CAB42547)V. angularis(BAB47119),L. esculentun{T07387, T07389, T07383,
CAB65693),G. hirsutum(ABD63905),M. amurensi§AAC15418),P. canescenfAAD27823), retrieved using BLASTx from GenBankutlined
boxes represent the identical regions in the algmmShaded boxes represent residues which forractowith the target proteins and form the

conserved motifs among all sequences across spmEiesr. The dotted line indicates tielices as predicted by CPH modeling program.
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TO07383 (L.esculentum) )
ABE79090 (Medicago)
Ca1433-1 (C.arietinum)
BAB17822 (V. faba-D)
P42654 (V.faba-B)
AAC15418 (M. amurensis)

ABDB63905 (G. hirsutum)

TO07387 (L.esculentum) —
TO07389 (L.esculentum)
CAB65693 (L.esculentum)
P42653 (V.faba-A)
CAB42547 (P.sativum)
Ca1433-2 (C.arietinum)
BAB47119 (V.angularis)

CAB42546 (P.sativum)

AAD27823 (P.canescens)

Figure 3.3: The phylogenetic tree generated using deduced aailosequences of the
two chickpea 14-3-3 gene isoforn@a14331 andCal4332) and the protein sequences
retrieved from the GenBank database by each aktferm using BLASTp. The 14-3-3

proteins are placed within two major groups. Ndtat tthe two chickpea 14-3-3s are
classified into different group. Alignment madengsiBioedit/ Clustal W and neighbor

joining (NJ) tree generated using PhyloDraw.
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U36446 (Epsilon/GRF10)] |
Ca1433-1 D | Epsilon
UB0444 (MU/GRF9) -

U36447 (Kappa/GRF8) | ]

U68545 (Lambda/GRF6)

Ca1433-2 7]
MO6855 (Omega/GRF2)
Non-Epsilon
L09111 (Phi/ GRF4)

LO9112 (Chi/GRF 1) -

L09110 (Psi/GRF3)

109109 (Upsilon/GRF5)

UB0445 (Nu/GRF7) 4

Figure 3.4: A phylogenetic tree shows the topology of the cpexk Cal4331 and
Cal4332) andArabidopsis(GRF) 14-3-3 families separated into four majoougs,
based on cDNA sequences. A, B, and C groups atteeiArabidopsisnon-<-group and
group D belongs tce-group. Similar groupings were observed when amaood
sequences were compared. Note that the two chickded-3s are classified into
different groupCal4331 in e-group andCal4332 in none-group. Alignment made
using Bioedit/ Clustal W and neighbor joining (NkBe generated using PhyloDraw.
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Blast hits on Hedicago Genone
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Figure 3.5: The Cal4331 andCal4332 genes fronC. arietinumwere blasted using
the CVit BLAST tool to place them on tiMedicagophysical mapCal4331 gave hits
at five positions on chromosomes 2, 3, 4 an@d&14332 gene gave hits at two positions

on chromosome 2 only.
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In the susceptible cultivar th@al14331 transcripts were induced by FOC1 infection at 1
DA, their levels peaked at 2 DAI and increaseduawglation continued till 4 DAL In
the resistant cultivar th€al4331 transcripts levels were lower during FOCL1 infact
The expression pattern in 8 DAI was similar to 11[QRig 3.6).

Under normal growth conditions expressionCGafl4332 appeared to be at least
2 fold higher in the roots of resistant cultivarQRas compared to the susceptible
cultivar (SC) at 1, 2 and 4 days. Under the chgkehconditions the expression of
Cal4332 increased in both the Rl and SI samples, thdbghevel of transcripts was
higher in the RI (Fig 3.7). Theéal4332 transcripts were induced at 1 DAI; their levels
peaked at 2 DAI and finally dropped at 4 DAI in &id Rl as well. The expression

pattern in 8 DAI was similar to 1 DAL

3.4. Discussion

The presence of 14-3-3 proteins in several diverganisms has been well documented
(Ferl, 1996). 14-3-3 proteins are a large familyaobund 30 kDa acidic proteins that
exist as homo- and hetero-dimers within all eukacycells. These seemingly ubiquitous
proteins are employed in wide variety of cellulamdtions. 14-3-3 proteins are
phosphoserine/threonine-binding proteins that bina range of transcription factors and
other signaling proteins, and play important roteghe regulation of plant development
and stress responses (Roberts, 2003). Two optim@phoserine/threonine-containing
motifs, RSXpSXP and RXXXpSXP are recognized by H-3-3 isotypes in the
mammalian systems (Yaffe, 2002). A high degresimilarity has been found between
the amino acid sequences of nematode, yeast, gla@nituman 14-3-3 proteins (Lapointe
et al, 2001). However, the amino acids towards the rvteus are conserved to a
degree of only 14% and there is very little amirwddaconservation towards the C-
terminus (Chungt al, 1999).

3.4.1. Structure-function considerations of 14-3-Brotein

Protein sequences of 14-3-3s are highly consereedss the evolutionary lineages;
moreover, extreme conservation of the core regfdiie3-3s makes the animal structure
a very likely fit to the general features of plddt-3-3s (Fig 3.2) (Ferkt al, 1994; Ferl,
1996). The crystal structure has been solved far tmammalian 14-3-3s (Liet al,
1995; Xiaoet al, 1995) yet both fail to resolve the N- and Ctini, which are highly
divergent among isoforms. Thus, it is possible tmsider the paradigm regulatory
features of 14-3-3s to be associated with the akntinserved core while recognizing

that the divergent termini might contribute to gpecegulatory functions.
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Figure 3.6: Semi-quantitative RT-PCR @al4331. a) Reverse transcription (RT)-PCR
analysis ofCal4331 gene expression patterns in the incompatible @ndpatible
chickpea-FOCL1 interactions in a time course of DAl (Days after Inoculation).
Susceptible control (SC), susceptible infected, (&$istant control (RC) and resistant
infected (RI) chickpea root samples; Lanes M2¢k Hindlll digest. Independent
experiments were carried out with similar resultse transcripts o€al4331 showed
increased levels in SI. RT-PCR of 18S RNA was usecheck the uniform quantity of
the cDNA concentration used in RT-PCR) Abundance of the transcripts was
guantitated by Alphalmager (Alpha Innotech, USAXpEession levels at different time
points as compared to the control were plotted.
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Figure 3.7: Semi-quantitative RT-PCR @al4332. a) Reverse transcription (RT)-PCR
analysis ofCal4332 gene expression patterns in the incompatible @ndpatible
chickpea-FOCL1 interactions in a time course of DAl (Days after Inoculation).
Susceptible control (SC), susceptible infected, (&3istant control (RC) and resistant
infected (RI) chickpea root samples; Lanes M1 1@0@idder, Lanes M2 iX Hindlll
digest. Independent experiments were carried oth similar results. Th&Cal4332
transcript showed increased induction in the RlgamRT-PCR of 18S RNA was used
to check the uniform quantity of the cDNA concetitna used in RT-PCR reactions)
Abundance of the transcripts was quantitated byhalmager (Alpha Innotech, USA).
Expression levels at different time points as careg&o the control were plotted.
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Both chickpea 14-3-3 genes without exception, gtbar highly variable N and C
terminal region with a conserved core region. Thanml4-3-3 structural feature is a
double-barreled, W-shaped clamp formed from therdgdly antiparallel helices of the
dimer pair (Fig 3.8). Each monomer produces a oblatimat accommodates interaction
with a phosphorylated peptide from the target pnof¥affe et al, 1997; Petosat al,
1998).

The amino acid sequences©@1433genes were deduced and the primary and
secondary structures of the protein were analyzediding a combination of various
stand-alone and online programs. A region in 148€ein, which uses primary forces
for binding to H-ATPase is formed by residues Lys56, Arg63 and B6gITyr137,
Lys129, Asnl182, Asn233, Trp237 and Glul89 (Wurteleal, 2003) while residues
Glyl178, Leul8l, lle226, Leu229, Asp232, and Vall&® involved in binding by
forming the secondary forces (Van der Waals), theselues are the signature features

of 14-3-3s and found to be conserved across spasiell as in the twGal433.

The Cal433 proteins were predicted to contain &ihelices, which are essential
for its function (Fig 3.9). In 14-3-3 dimers, thehelices form a putative palisade around
an amphipathic groove, which constitutes the bigdsite for target proteins. The
residues lining the groove are highly conservedvbeh species. The invariant residues
were conserved in both the isoforms of chickpea&-B4which include the hydrophobic
Leul82, Leu231 and Leu237 as well as the basic 1,y88g64, and Arg68 (Fig 3.9).
The helixa-5 has polar groups belonging to the conserved @ainds Lys130, Aspl34,
Argl37, and Tyrl38 (Fig 3.9). 14-3-3 binding to ppboserine is probably mediated by
the cluster of basic amino acids Arg64, Arg68, L3&land Arg134 on the basic face of
the groove (Fig 3.9).

3.4.2. Two 14-3-3 isoforms in chickpea

The 14-3-3 genes are known to be present as a fargidy in many plants studied
hitherto viz. Arabidopsis(15), Rice (8), Tomato (10), Poplar (6), Potatp 46d Vicia
faba (4). The presence of a large and diverse 14-3¥8lyan plants is justified by the
requirement of a battery of regulators and corredpw responses to deal with complex
environmental and developmental changes. At least isoforms of 14-3-3 were
observed in chickpea, though there is a strongilptigsof presence of more. The 14-3-
3 gene sequences from chickpea, when aligned whigr plant 14-3-3s, they tend to get
segregated into two distinct groups. WHla14331 is grouped along with the D form,
theCal433-2is closer to A isoform o¥icia faba(Fig 3.3).
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Figure 3.8: Phosphopeptide binding to plant 14-3-3. (a) Ribptot of two different
orientations of the dimeric tobacco 14-3-3c pro{gireen) bound to the peptide GIn-Ser-
Tyr-pThr-Val (yellow), which constitutes the C-teémal end of PMA2, an HATPase
isoform fromNicotiana plumbaginifolia(b) Scheme of the interaction between peptide
and protein, where half circles indicate residuwesing van der Waals interactions, and
arrows denote hydrophilic interactions between ihedicated residues and the
corresponding atoms of the peptide. The numbersoaie conserved amino acids in
human 14-3-3 are indicated in parentheses (blue). (c) Conthetaeen the toxin and
the 14-3-3, with symbols as in B; carbon and oxygesms are in orange and red,
respectively. (Wurtelet al, 2003)
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Figure 3.9: A 3D model for Cal433-2 was built using deducedinamacid
sequences which were loaded into the CPH-modeéingesto generate the PDB file
based on homology. The picture was generated UuMAGARA software

(www.yasara.orj On one side of the groove - helices 3 and Huster of charged

and polar residues. On the other side - helicesxd & - patch of hydrophobic
residues. Residues lining the concave surface efgtibove are mostly conserved

among different isoforms of the 14-3-3 family.
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3.4.3. Structural and functional divergence in 14-38 family
The 14-3-3s exhibit significant diversity in eukatgs; with yeasts have only two, while

Arabidopsishas 15 different 14-3-3 genes including two psegepoes (Delilleet al,
2001; Rosenquistt al, 2001; Sehnkeet al, 2002). Though, 14-3-3 proteins are
homologous and similar across genera, the varstiothin theArabidopsisl4-3-3 s is a
fair representation of its degree and location astof the plant species. However, in the
14-3-3 families, the functional diversity seemsgiy unresolved (Ferl, 2004). The
potential for specific functions among isoformssigported by the unique C- and N-
termini. TheArabidopsis14-3-3 isoforms, based on sequence alignmenteotcémtral
core region and the gene structure consideratamesdivided into two distinct groups,
the e- and none-groups having distinct evolutionary lineages ptimrthe separation of
animals and plants (Fest al, 1994) (Fig. 3.4 and Fig 3.10). Th@roup comprises, =,

p, 0, and p isoforms and the nefgroup isoforms, comprises A, ®, %, ¢, v, v andy.
The ¢ members possess two additional N-terminal intrand also appear to have
additional C-terminal introns. All the nanmembers all exhibit a well conserved exon
(4) and intron (3) structure (Fig 3.10). Thandv are the only two non-isoforms present
in chloroplasts, indicating specificity among nonsoforms for their differential
localization and suggesting that chloroplast-speé@iinctions might be limited te andv
(Sehnkeet al, 2000). The none group members contain the EF hand-like divalent
cation-binding motif (Luet al, 1994) which is a conserved mechanism of plan3-B4
binding to the target proteins. Th&al14331 when aligned with these characterized
isoforms grouped with the-group andCal4332 with the nore-group suggests a
similar architecture for the 14-3-3s from chick{Eay 3.4). TheCal4331 is grouped in
this second sub-branch of tlegroup and is closer to p isoform (Fig 3.4). Thaough
Cal4332 is grouped in the second sub-branch ofetigeoup along withw, x, ande, it
remains separated from them. However, the extreimergknce of the C-terminal

regions prohibits intron identification based spleh sequence data.

Distinct grouping of the-isoforms in animals suggests an early divergerma f
the other isoforms (Wang and Shakes, 1996). Ca#4331 isoform groups with the-
types and is closer to [, thus suggesting an anorayin (Fig 3.4). Thee-isoforms are
more similar to yeast and plant isoforms than otheimal isoforms at numerous
residues, and thus may have retained functionatachexistics of the ancestral protein.

The known invertebrate 14-3-3 proteins group wlid mone mammalian isoforms.

83



Genbank

Greek Greck GRF GRF Accession # BAC Original
Name Letter Gene Accession# for cDNA  Accession# Publication
e -, . Rho p AC013427
e —E— %l B Omicron O AC007894 Rosenquist 2000
26 —H— . — .. B Mu B GRF9 AFI45301  U60444  AC007087 Wuetal. 1997
e — B Epsilon GRF 10 AF145302  U36446  AC068562 Wuetal. 1997
ue — . — Pi T AC012680
o —— A B Kappa K GRF8 AFI145300 U36447  ABO11479  Wu et al. 1997
ey 1T Lambda A GRF6 AFI145298  U68545  AL353995 Jarilloetal. 1994
Rojpum— 0 0 EEETEE S Phi ® GRF4 AF001414 L0911  ACO79605 Luetal. 1994
e o s @R W Chi X GRF1 U09377 L09112  ALI6ISI3 Luetal. 1994
== B Omega ® GRF2 U09376 M96855  ACO13430 Lu et al. 1992, 1994
s — (- T—— . Psi W GRF3 U09375 LO9110  AB005231  Luetal. 1994
ok . Upsilon L GRF5 AF001415  L09109  AL391145 Luetal. 1994
g — (I — - R ] Nu VvV  GRF7 AF145299 U60445  AC021640 Wuetal. 1997

Figure 3.10: The information about Arabidopsis 14-3-3 genecitmes. Colored boxes represent exons, and are cotted as to their similarity
between genes. The thin lines represent intronghwére shown to denote position only. The lightebboxes represent 59 leader and 39 trailer
sequences. The asterisks identify putative exasesswhere cDNA sequences are not yet availabitgniation available is outlined to the right of
each 14-3-3 gene. Rho, omicron, and pi are thé Veslscharacterized of the Arabidopsis 14-3-3sisthvery little information is available. (DeLilkt

al., 2001).
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Most of the current 14-3-3 isoform diversity idriguted to the independent
duplication events after the divergence of the majokaryotic kingdomsCal4332
isoform grouped with the nontypes and possibly could be a more evolved forrhdof
3-3 in chickpea (Fig 3.4).

The ¢ and none groups have a different structure in certain regad the
molecule and exhibit variation in target bindingferences (Sehnket al, 2006). The
relatively conserved core region is the basis torservation of a general theme, subtle
changes in the core and the divergent termini sdovedefine isoform-specific
function(s). The domain within the extreme aminori@al 26 residues is essential for
dimerization of 14-3-3 proteins (Aitken, 2002). TVeiability in the eight to twenty one
residues at N-terminal of 14-3-3 isoforms may lithi¢ possible homo- or hetero-dimer
combinations. Specificity of function of 14-3-3 pems arises due to such a restriction of

combination.

3.4.4. Differential expression ofCal1433-1 and Cal1433-2
The constitutive levels of botiCal433-1 and Cal433-2 are comparable in the

susceptible and resistant cultivar roots. Thesoime upregulation of both the transcripts
at 2 DAI in the absence of challenge which tapenshér at 4 and 8 DAI. Upon
induction by FOC1,Cal433-1transcript was significantly upregulated in susitde
roots at 4 and 8 DAI as compared to the resistaltivar roots (Fig 3.6). This response
diminished further at 8 DAI. On the other handnseipt Cal433-2showed greater
amplitude of induction in resistant roots which insgas early as 1 DAI and peaks at 2
and 4 DAI (Fig 3.7). It was found reduced sligh#éity8 DAI but showed significantly
higher levels of transcription as compared to tiecsptible tissue. ThuSal4332 was
found to respond positively and more strongly tthpgen whileCal4331 responded
negatively to the pathogen challenge. The loweellef Cal4332 induction in the
susceptible infected sample compared to both, #sestant infected as well as the
resistant control ruled out the ontogenetic contfothis isoform. Similar observations
were made where the 14-3-3 transcripts were uniddtiecin roots of susceptibleheat
infected by the ‘take-all’ fungu&aeumannomyces gramini§uilleroux and Osbourn
2004). At least four rice 14-3-3 genes (GF14), GF14b, GF13F14e and Gfl4f were
differentially regulated during interactions wikhagnaporthegrisea and Xanthomonas
oryzaepv. oryzae - the incompatible interactions showed a strornigduction of the
genes than the compatible interactions (Céeal, 2006). The chemical inducers like

benzothiadiazole, methyl jasmonate, ethephon ambiolyjgn peroxide have shown to
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induce these GF14 genes. 14-3-3 protein involvedigmaling appear to be more
strongly induced ir2-week-oldpotato resistant variety than in the susceptibléety and
the highest induction of this transcript was obedrin the 2-week-old Bettina plants at 2
DAI (Roset al, 2004).

3.4.5. Functional variability of Cal433-1 and Cal433-2
14-3-3 proteins interact with a wide range of thqg®teins involved in stress responses,

and regulate their functions such as signaling randcription activation or defense
(Roberts et al, 2002), e.g, the Arabidopsis 14-3-3 genes, RCI1/RCI1A and
RCI2/RCI1B, are regulated during cold acclimatiakar{llo et al, 1994); 14-3-3
isoforms inArabidopsisactivate a stress-responsive calcium-dependemeipriinase,
CPK-1 (Abarceet al, 1999; Camonet al, 1998b); the tobacco T14-3-3 is induced in the
perception of the salt stress (Chenal, 1994). 14-3-3s are involved in responses to

light/dark transitions, anoxia and changes in eatrsupply (Bunnegt al, 2001).

Cal433-2was observed to be closer to ‘A’ isoform\in fabg interestingly this
A form has been shown to have a high affinity tadgathe H ATPase than the other
isoforms. ThisCa1433-2thus could play an important role by activating tH" proton
pump as an early event in sensing and signalingatigogen attack. 14-3-3s have been
found involved in plant defense responses mainlydgulating the proton pump {H
ATPase) to initiate the hypersensitive responskigecoccin, a fungal toxin (Roberet
al., 2002). The effect of fusiccocin on a pathogesistance response and fusicoccin-
induced expression of several genes, including-B4+tas already been shown in tomato
(Roberts and Bowles, 1999). 14-3-3 transcripts wavrer expressed in rice during
infection with Magnaporthe grisedManandharet al, 1999) and in barley as non-host
hypersensitive response to inoculation wiglumeria graminis(Brandt et al, 1992;
Gregerseret al, 1997). In white spruce and hybrid poplar 14-3a&se up-regulated by

elicitors of wounding or defense (Lapoirgeal, 2001).

Thee types of 14-3-3s are localized in plastids andrial to finely coordinate
the complex starch metabolism, especially by bigdm starch synthase Ill. Antisense
transcripts of 14-3-3 led to over accumulationtafch inArabidopsisleaves (Sehnket
al.,, 2001). Moreover, 14-3-3s are shown to modify thay starch branch and
accordingly produce amylase, amylopectin or glucéhe ¢ type Cal4331 down
regulation as seen in roots of resistant cultiway be involved in production of callose,
successfully compartmentalizing the pathogen arstriceng its growth. Diurnal

conversion of starch to glucose is also known teraf@ stomatal opening and closing,
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thereby controlling the transpiration and wateralipt Since the pathogen factor is
expected to be pronounced in susceptible cultivilirlike situation is more severe and
wider in the root tissueCal4331 could possibly control stomatal opening, therefo
found expressed in susceptible cultivar. Sinceptteogen factor is largely under control
in the resistant cultivar, its expression termiaaeoner. On the other haG@14332 is
disease responsive and could be involved in sigaakduction pathway, triggering the
cascade of molecular responses leading to resest&imilar feature was reported in
earlier work from my laboratory, where the chitieaglucanase and proteinase activities
were reduced in resistant cultivar as soon asdkigogen activities are controlled (Gati
al., 1998) while higher expression of aquaporins éens in susceptible cultivar
(Nimbalkaret al, 2006).

3.4.6. Promoter effect on 14-3-3 expression?
The nucleotide and deduced amino acid sequencé€zadf33 (both Cal4331 and

Cal4332) from the SC, SI, RC and RI samples was compdreeCal4331 sequences
showed no variation between these different sam@esnparing the nucleotide and
deduced amino acid sequenceLafl4332 from the SC, SI, RC and Rl samples also
revealed no sequence variation between these samH@wvever, both the genes
Cal433-1landCal433-2 exhibited a differential expression pattern upballenge with
FOCL1, hinting towards the role of regulatory eletasgdpromoter domain composition) in
governing the expression of 14-3-3 isoforms. Tharmters are known to contain mostly
the same motifs; however, there are also sevegaiesees that differentiate the activity
of the genes (Aksamét al, 2005),e.g, a unique motif activated by salicylic acid and
virus infection is present in the potato 14-3-3 li6&orm but not in the 20R isoform,
which however, contains unique sequences respotigehylene and metal ions. This
suggests that unique elements within the promatistenctly regulate each isoform. In
contrast to the conserved coding sequence of 14s®f8rms, their promoters show
several important differences (Aksareital, 2005),e.g, the promoter 16R contains two
unique sequences TTGACC (-430) an elicitor respenslement (EIRE), required for
plant defense signaling (Chen and Chen 2000), and/TWTTWTT (-259) a T-box
found in a SAR/MAR sequence. The E1RE sequencédromoter might suggest the
involvement of the 14-3-3 proteins in plant defemsxhanisms upon pathogen infection
and salicylic acid induction. Since, the sequenata drom chickpea cDNA from the
present experiments showed no variation in codeguences and while the expression
analysis of mMRNA strongly suggests the differengigbression of 14-3-3 isoforms, it is

possible that the difference lies in their promategion containing specific inducible
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domains. The need for the precise regulation ofrésponse to various stimuli could
explain existence of several isoforms with pron®edicated to a given set of stimuli.
These findings could be helpful in further deciphgrthe regulation of metabolic
pathways by 14-3-3 proteins.

3.4.7. Fusicoccin and 14-3-3 interaction

The phytotoxic fusicoccin (FC) profoundly altersagina membrane traffic by
stimulating apoplast acidification, hyperpolarizindie membrane potential and
consequently increasing proton-motive force (Oegkihal, 1994). FC binds to a single
“receptor” in higher plants, and polypeptides isethas FC-binding proteins from three
different plant species have been identified asdgets of the 14-3-3 gene family
(Kourthout and de Boer, 1994; Mared al, 1994; Oeckinget al, 1994). It has been
demonstrated that a functional FC-binding siteorened from a complex between the C-
terminal regulatory domain of the"tATPase and 14-3-3 proteins and that both proteins
are required for FC binding (Baunsgaatdal, 1998). 14-3-3 proteins are a family of
regulatory proteins that have attracted much attenih recent years because of the
identification of interactions between various maatiam 14-3-3 isoforms and proteins
involved in signal transduction, particularly protekinases and phosphatases (for

review, see Aitken, 1996).

In plants it is found that the Fusicoccin recepsoan oligomer composed of 14-
3-3 protein homologs (Oeckirgt al, 1994), the fusicoccin receptor are distinguisbabl
from other cellular 14-3-3 proteins by their tigtgsociation with the plasma membrane.
The FC-binding activity in epidermal microsomaldtian increased upon the pathogen
attack, suggesting that 14-3-3s are involved inepidermis specific response to the
fungus probably through activating the proton pufHp-ATPase) to stimulate the HR
(Finni et al, 2002). In white spruce and hybrid poplar it wn that 14-3-3s are up-
regulated by wounding or wounding elicitors, or t¢lyitosan and jasmonic acid, two
defensive elicitors, and HATPase is a potential target for the 14-3-3-mediat
regulation during stress (Lapoing al, 2001). Caffeic acid/5-hydroxyferulic acid O-
methyltransferase (OMT1) and ascorbate peroxidagdidated in plant defense or
oxidative stress are identified to interact with-38s by yeast two-hybrid screening
(Zhanget al, 1997a and 1997b). Similar to FC, other two iredaf programmed cell
death, tunicamycin and brefeldin A, also induce #leeumulation of 14-3-3 proteins
(Malerbaet al, 2004). Interestingly, a 14-3-3-interactor, AKR&,an ankyrin-repeat
containing protein and negatively regulates trapson factors that mediate defense

responses (Yaret al, 2002; Kuhlmannet al, 2003). The AKR2-antisense plants
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developed HR-like lesions with increased(d generation and exhibited increased

resistance to a bacterial pathogen (¢aal., 2002).

3.4.8. Fusaric acid and 14-3-3 interactions
It has been shown that fusaric acid induces ary dafberpolarisation followed by a

marked depolarization of membrane potential inrttas ofRicinus (Pavlovkinet al,
2004), tomato (D’Alton and Etherton, 1984), corml®vkin, 1998) andEgeria densa
leaves (Marréet al, 1993). It's proposed by D’Alton and Etherton 829 that the initial
hyperpolarisation could be due to an early stimomatof the proton pump by the
acidification of the cytosol consequent on the yemtrto the cell of the undissociated
form of the fusaric acid. The immediate effect o$dric acid along with fusicoccin on
the ATPase oRicinusroot cells was studied and showed that the funatiactivity of
ATPase is directly influenced by fusaric acid, hessafusaric acid directly influenced
fusicoccin caused hyper polarization of membrantermi@l (Pavlovkinet al, 2004).
This response may point to dependent sites or moflastion of an alternation of the
ATPase activity by fusaric acid and fusicoccin. Nfirolonged exposure to fusaric acid,
the membrane continued to depolarize and this depation became irreversible. The
probable explanation, for the irreversible depaktion is, that fusaric acid cause
reduction in ATP levels (Kohler and Bentrup, 1988Alton and Etherton, 1984) that
are necessary for electrogenic extrusion dfaHd hence maintenance of the membrane
potential. Other investigators have found that Migsacid reduces respiratory rates in
tomato andegeriaplants (Naeff-Rooth and Reusser, 1954; Matral, 1993).

In addition, the F-ATPase has been considered a ‘“switch” partigipgtin
signal transduction pathways in response to patim@8challer and Oecking, 1999).
Therefore, it will be relevant to reveal if the iaat of 14-3-3s on the ATPase activity
forms part of the plant responses to the pathoggenaction in chickpea Fusarium wilt. It
remains to be established whether this could be litleerto undescribed, but possible
event during the interactions of chickpea whthsarium The natural openings in the
plants are shut by an invading pathogen, to impedpursuit by potential antagonists
inside the plant host. However, fusicoccin produbgdnycotoxigenid-usariumopens
plant stomata (Marre, 1979) and can reverse stomlature, the effect of syringomycin
(Mott and Takemoto, 1989).

3.4.9. Comparative genome analysis among legumes
The Medicago truncatulasequencing project was initiated in 2003, withdung from

the National Science Foundation and the Europeaon$nSixth Framework Program to
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complete sequencing of the remaining euchromatiegjgace. This initiative was started
with a view that the map-anchored, high-qualityussge would provide an extremely
valuable basis for genomic comparisons with othantpgenomes, and as a foundation
for improving many crop and forage legumes. Thae www.medicago.orghas many

tools, of which CVit- BLAST (chromosome visualizati tool) helps to place a given
sequence (Protein/Nucleotide) on to thkedicago physical map. The 14-3-3 genes
(Cal4331 andCal4332) isolated during present investigation were BIAS:arched
against Medicago genome sequences using the CVit- BLAST tool, tadttheir
distribution on different chromosomes and to fimeit precise mapping positions in
terms of anchored BAC clones on the physical n@pl4331 was found to be
distributed on chromosomes 2, 3, 4 and 5 w8#d4332 was placed on chromosome 3
only but at two different places (Fig 3.5). The lgss of sequences flanking the
Cal4332 gene on chromosome 3 Miedicagorevealed the region to be gene rich. The
region is clustered with RGA like sequences. Thesgions would provide good
sequence information to study the chromosomal redi@nking the 14-3-3 genes in
chickpea.

The chromosomal position of a gene affects itsilagn and level of expression.
Location on a genetic map is an important techri@aedor for correlating gene effects
with phenotype, and forms the basis of quantitatreg analysis (Sasaki and Sederoff
2003). Comparative studies will also provide monéoimation on the evolution of
intergenic regions. Studies of intergenic regiangmaize (Bennetzen and Ma 2003) first
showed the dynamic nature of the intergenic regamtsthe role of retrotransposons and
other elements. These findings provided supportHeridea that genome size depends
more on the number and activity of mobile elemehgs on the number of functional

genes.

During the evolution of angiosperms there is ommee of only a finite number
of chromosomal rearrangements. Thus it is expdtigida significant block/s of genetic
material, may be syntenic among genomes of relgpaties (Michelmore 2000). In
legumes three speciegz. Glycine max(soybean),Lotus japonicusand Medicago
truncatulahave been in focus for the comparative genommrisfiout of which the latter
two are considered as model species. Agricultueatst physiology, and genetics of
these genera have been extensively studied. Amoapseason food legumes, it has
already been shown that nearly 40% of the lenti maangements can be found in pea

while this number may not be as high in chickpeaédénret al, 1992). Comparing the
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maps of pea, chickpea and lentil has revealedaat feve genomic regions that resemble
each other (Simon and Muehlbauer 1997). With tHerimation of using conserved
portions of the genome of pea, which is much bekddined than that of its relatives such
as chickpea, genomic arrangements can be prediatesther genomes. It is through
comparative genomics that researchers will dedbeentechanisms and pathways by
which plant genes and genomes have diverged totlgévdiversity of form, function and
adaptation that now characterize the world’'s flka et al, 2000) In summary, the
grain legumes exhibit an enormous amount of vamafAnd this variation is silently
awaiting commercial exploitation. Recent advancegield increase of wheat, rice, and
maize have raised hopes that similar results mayadssible with the grain legumes by

merging classical plant breeding techniques ancengenetic engineering approaches.

Earlier studies on macrosynteny, have shown #gurhes resemble other plant
families - including Gramineae, Solanaceae, anddicaceae - in terms of within-family
genome conservation (Youngt al, 2003). Microsynteny appears to be widespread
within legumes. On the basis of the 1000 anchoogtiesan BAC-end sequences, Y&n
al.,, (2002) found that more than half of soybean BAGntig groups exhibit
microsynteny with M. truncatula Of these, more than 80% showed extensive
microsynteny. Microsynteny among legumes was thasbfor two highly significant
success stories resulting in the cloning of exthalee receptor kinases like genes that
have crucial roles in Nod-factor perception. Legumierosynteny was essential in the
cloning of NN1 fromMedicago sativaand SYM2 fromLotus japonicusalong with their
respective orthologues DMI2 iMedicago truncatulaand Sym19 in pea (Endet al,
2002; Stracket al, 2002).

These 14-3-3 genes have been mapped and analyzéifferent crops,e.g.
analysis of the tan spot-resistance QTL in whedtdnyset al (1999), showed that 14-3-
3 gene is more significantly associated with diseegesistance and contributes more
towards phenotypic variation for two important @dises of wheat; tan spot and leaf rust.
14-3-3 gene along with other defense responsivesyén shown to have an additive
effect on blast resistance in rice (leual, 2004). Finally, it would thus be interesting to
see how these tw8al433genes behave in the chickpea populations sindierestudies
in different crops have revealed a positive assiotiaof 14-3-3 genes to the disease

resistance.
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Chapter 4

Transposable elements induced by biotic
stress as revealed by cDNA-AFLP and the
survey of database.

The research work described in this chapter has been
communicated as a full-length paper to Functional and
Integrative Genomics




Abstract

The life cycle of active transposable elements jTé&ssentially includes transcription,
translation, and integration of daughter copieshaf DNA sequences. Environmental
factors, biotic and abiotic stress conditions anevin to increase TE activity. Using
cDNA-AFLP | detected Tycopialike TEs in chickpea root cDNA library differenilya
activated by wilt pathogefrusarium oxysporurh sp.ciceri Race 1 (FOC1). Expression
of these TEs was confirmed by reverse northern yaigal Interestingly, the
retrotransposons were observed to be highly upaseallin the incompatible interaction
(resistant cultivar) but not in the compatible matgion (susceptible cultivar) of chickpea
with FOC1. Analysis and comparison among differgraups of crops using publicly
available 490209 unique ESTs and tentative clugfE@s) from different tissues and
growing conditions from cereals (rice, wheat andzeja solanaceae members (potato,
tobacco and tomato) and legum&teficagg soybean and lotus) were carried out. The
TEs in cereals were significantly higher than thpsesent in legumes or solanaceae
members. A total of 557,359 ESTs fr@en maxandM. truncatulaarising from 119 and
61 different libraries, respectively were analyzem estimate the frequency and
distribution of active transposable elements in {egumes during stressed and
unstressed conditions. The percentage of ESTsasiral retrotransposons in legumes
was significantly higherR < 0.05) in cDNA libraries from tissues during diéat stress
conditions than in cDNA libraries from tissues, wlhiwere unstressed. Furthermore,
total of 169,610 ESTs from legume roots was studié percentage of ESTs similar to
retrotransposons in legume roots was significahther @ < 0.05) in root cDNA
libraries during different stress conditions thamn oot cDNA libraries that were
unstressed. Thus, identification of retrotranspeseithin the available EST database
provides an indirect estimation of the patterns tm@inscriptional activity of these

repetitive elements.
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4.1. Introduction

Retrotransposons are the mobile genetic elememqsiitdus to plant genomes. They are
present in high copy number, comprising bulk of ¢fsmome amounting to more than
50% of genomic DNA in some plants. Despite theytmpperception they being the
parasitic elements, retrotransposons benefit thest plants in several ways, they are
thought to increase mutation rate thereby providiew regulatory properties for genes
(Wesseleet al.,1995) or believed to contribute to DNA repair (Me@nd Haber 1996)
or to the centromere function (Millezt al., 1998) and towards host’'s responses to
pathogen. Such positive contribution of the retms$posons is crucial for their
multiplication and survival. Transposable elemgfiiss) are genetic elements that are
able to mobilize/transpose themselves into andtwation within the genome.

TEs have beenlassified in two groups according to their moddrahsposition
(Fig 4.1): class | elements or retroelements irelddng-terminal repeat (LTR)
retrotransposons, such as Tgdpiaand Ty3gypsylike elements, non-LTR (LINEs and
SINESs) and retroviruses (Jakowitsehal.,1999; Kumar and Bennetzen 1999; Schmidt,
1999), they replicate and reinsert at multiplessitea complex process involving DNA
dependent RNA transcription, translation of the RM#o functional proteins, RNA-
dependent DNA synthesis (reverse transcriptiond, r@mntegration of newly generated
retroelement copies into the genome (Table 4.1¢ rEplicative mode of transposition
of retrotransposons can rapidly increase their copgnber and thus increase plant
genome size, for example they represent half orenwdrthe nuclear DNA in wheat
(Echeniqueet al., 2002) and maize (SanMiguel and Bennetzen, 1998¢. dlass Il
elements or DNA transposable elements, AkeTaml En/Spmand also elements such
as miniature inverted tandem elements (MITESs) (\éess$ al.,1995; Casacubergt al.,
1998), transpose by an excision/repair mechanisinirarolve only DNA. The class I
TEs are usually present in a low copy number, grybas a consequence of their ‘cut
and paste’ mechanism of transposition and theyllysda not greatly influence plant
genome size (Kunzet al.,1997; Casacuberta and Santiago, 2003.)

Transposition is not a random process; it is ragal at 1) transcriptional
initiation, 2) post-transcriptional and 3) at trpasitional level. Many retroelements
studied were observed to be activated followingibiand abiotic stress. Various biotic
factors such as viral, bacterial and fungal inatoita(Pouteatet al., 1994; Mhiriet al.,
1999) elicitors like fungal extracts (Pouteati al., 1994; Takedaet al., 1999) are
reported to activate the retrotransposons. Besidbacco Tto5 and Ttol are found to be

induced by chemical inducers like salicylic acidlanethyl jasmonate.
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Class | transposable elements or Retrotransposons

LTR Retrotransposons

Ty1-copia group > > >

Ty3-gypsy group -> > >
Non-LTR Retrotransposons

LINE -> -= | — i ’->

SINE > []:- -> ’

Class Il transposable elements

TIR IR
Autonomous element > >
5 3
TIR TIR
Non-autonomous element = >
5’ 3
TIR TIR
MITE >3~
5 .

Figure 4.1: Transposable elements classified as class | as$ ¢l types based on the
presence and arrangement of genes. (Casacuber&aatidgo, 2003)
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Table 4.1: General classification of transposable elemergsdban their mode of transposition and gene arraage

Retrotransposon€(ass ) Transposons(lass II) MITEs

Transpose through an RNA intermediate. Transpose directly via a DNA intermediate. TEs with characteristics of both class | and class
Il elements.

Rapid increase in copy number due to replicatives a consequence of their ‘cut and paste’ mechamértransposition, Structural characteristics similar to defective

mode of transposition, can be extremely high imsually present in a low copy number. class Il elements; high copy number high

eukaryote genomes. sequence and size conservation of subfamilies
suggest that they can be amplified from a very
limited number of progenitors a characteristic of
class | elements.

Divided into

Long Terminal Repedt.TR) (non-LTR)

Further subdivided into the Tyl-copia and th8ubdivided into long interspersed nuclear eleméhtBlEs) and short
Ty3-gypsy, based on the arrangement of Gag ainterspersed nuclear elements (SINES).
Pol (PR, INT, RT and RNAseH) genes.

LTR retrotransposons have long terminal repedtack LTRs and are transcribed from an internal potem
(LTRs) of variable length (from 100 bp to several
Kb)
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Both, biotic and abiotic stress are known to stateithe expression or the transposition
of mobile elements in yeast (Roftet al, 1986, Bradshaw and McEntee, 1989),
Drosophilla (Junakovic, 1988), animal (Chinnadurai, 1991) aplant systems
(Osterman, 1991; Pouteaet al., 1991; Walbot, 1992). One of the best-characterized
plant retrotransposons is the Tnilidotiana tabaccunTyl-copia like) element from
Nicotiana tabacunfGrandbastieet al.,1989). Tntl is expressed only in roots and not in
other healthy tobacco tissues (Poutedual., 1991). Expression of Tntl is induced
strongly by stress such as pathogen attacks amntensl of microbial origin, and a close
correlation has been shown between Tntl transoniptind plant defense responses
(Pouteauet al., 1994; Mhiri et al., 1996; Grandbastieat al., 1997; Mhiriet al., 1997,
1999). Recent studies have shothiat Tntl transcription is followed by transpogitio
and that fungal extracts efficiently activate Tmibbility. The key step in controlling
Tntl amplification appears to be transcription,nasvly transposed Tntl copies show
high sequence similarities to the spdypulations of transcribed Tntl elements (Melayah,
et al, 2001).

Host cells and the retroelements must have evatvechanisms to minimize the
negative effects of TE activity. It has been psgmbthat DNA methylation limits spread
of TE. In maize, analysis of repetitive DNAs hastinely shown that they are cytosine
methylated. These methylated DNAs have been shownbé mostly LTR
retotransposons (SanMigustl al.,1996). In factde novomethylation was first detected
during inactivation of DNA transposable elementshd mutator and AC/DS families
(Bennetzeret al.,1993: Kunzeet al.,1997). In maize, retros that make up to 50-80% of
the genomic DNA constitute only 10% or less of tifa@scripts in most tissues indicating
good control over the transcription activity. Mamgtros show unique patterns of
developmental and /or environmental regulation.eBmvothers show organ specific
expression, eg. Tnl of tobacco, BARE of barley &REM 2 in maize have been
detected primarily in roots, leaves and young nsipooes, respectively (Poteat al.,
1991; Suoniemet al.,1996a, b; Turciclet al.,1996)

Tyl-copia like retrotransposon element was identified in chickped their
potential for diversity assessment among wild antivated species ofCicer was
studied (Sanet al.,2000) as there is sequence heterogeneity amongdpid-elements
in chickpea. The copy number is higher in the gatedCicer arietinumcompared with
Cicer reticulatum(Santet al.,2000).
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In the present chapter | have identified one Tgfiz like sequence (a Class |
type TE)and two non-LTR retrotransposon like sequencesghwviere transcriptionally
active when the chickpea plants were challengel thié pathogefusarium oxysporum
f.sp ciceri racel (FOC1). | here survey the available EST ldeta to analyze the
expression pattern of the TEs primarily in leguraed in other crops. The frequency of
retrotransposons and transposons in the gene sditerhe Institute For Genome
Research (TIGR) database and in the National CeéfderBiotechnology Information
(NCBI) database was estimated using keyword drsearches. Occurrence of TEs in
libraries representing tissue, stages of developmesponse to biotic and abiotic
stimulus etc, serves as a good indicator of tenipard spatial expression patterns of
TE. In light of this, it is planned to validate tbéservation of transposon activation in
chickpea roots challenged by FOC1 and to survefeqmes of transcriptional activity in
legumes among the different classes of TEs ieotransposons and transposons in the
different plant cDNA libraries (ESTS).

4.2. Materials and methods

4.2.1. Plant materials and pathogen infection
The seedsof chickpea varieties Vijay (Resistant), WR315 ig@mt) and JG-62

(susceptible)were obtainedrom the Mahatma Phule Krishi Vidyapeeth (MPKV) at
Rahuri, Maharashtra, India. Sprouted seeds wensfgaed on to the Styrofoam floats in
the glass trays filled with sterile water (halfestgth Hoagland’s medium; Hoagland and
Arnon, 1950) and placed in a growth chamber 4€22hd 60% relative humidity under
white light and normal day conditions (14 h ligi&/h dark) as detailed in previous
chapters.

The plants growing in hydroponic trays containingri,e water were challenged with
freshly prepared spore suspension of F@@dr7 days. To ensure uniform spread of the
fungus, the water in the trays was mixed with ailsteglass rod after two days.
Uninoculated trays served as a control.

4.2.2. cDNA-AFLP
cDNA-AFLP was performed as described in chapten-2vhich the amplified cDNA

library was used as the DNA templates. The root ADiNraries were amplified using
T3 and T7 primers flanking the cDNA insert in thigrdry. At least five amplifications
were carried out separately and pooled. These &etplibraries served as the starting
template for the cDNA-AFLP. Selective amplificatiproducts were separated on a 6%
polyacrylamide gel run at 1500 V, 100 W, for 3 I&ls were stained using the standard
silver staining technique (Sanguinetdtial.,1994).

98



4.2.3. TDF isolation and sequence analysis and rese northern
TDFs that were differentially expressed in the sesit-infected cultivar (WR315) were

eluted from the gels, cloned into pGEM-T Easy Ve(Ryromega, USA) and transformed
in Escherichia colia-DH5 competent cells prepared by Ca@lethod as described in
chapter-2. Plasmid DNA (200 ng) was used for sequgrusing the DYEnamic ET Dye
Terminator Cycle Sequencing Kit (AmershamBiosciesnddSA) in MegaBace DNA
Sequence Analyzer (AmershamBiosciences, USA). Egeences were compared with
the GenBank database using Bastn algorithms (Altstal.,1997).

Total RNA was extracted from chickpea root tissc@tected at 1, 2, 4, 8 and 12
DAI intervals using TRIzol (Invitrogen, USA) methoaccording to manufacturer’s
instructions. Total RNA (5 pg) was used in the regdranscription reaction containing
oligo dT(18) primer, PowerScript reverse transesgt (Invitrogen, USA) andiP*
dATP according to standard techniques (Sambreblal., 1989), to generate the first
strand cDNA probes. Reverse northern blot hybrithns were accomplished using
theseaP* radio-labeled cDNA probes generated by RT-PCRIilapes described in
chapter-2.

4.2.4. Database survey
Medicago truncatulaand Glycine maxEST sequences were obtained from TIGR (The

Institute for Genome Researditfp://www.tigr.org. Database searches were carried out
using the keywords search tool option in the TIGH AICBI public database. The data
retrieved using keywords “copia”, “gypsy’, “gag pol “integrase”, “reverse
transcriptase”, “retrotransposon” or “retroelemé&rdad “non-LTR” were grouped as
retrotransposons and the data retrieved using spi@sons” or “transposable element”
were grouped as transposons. Use of these keyveondd retrieve sequences of the
entire TEs excluding only some ESTs, which wereahastered or annotated, that might
have certain similarity to retrotransposons. Theieeed sequences were edited to
eliminate repetitions if any. Telomerase types eferse transcriptase sequences were

also eliminated.

All the unique sequences and tentative cluste@s]TIGR database) from nine
crops species and all sequences, genomic and cD&A Cicer (1437 sequences in
NCBI database) were included in this survey whideoenpassed a total of 490209
unique ESTs. TCs from various tissues and growimgditions were included in this
study. A total of 180 libraries from botlycine maxand Medicagotruncatula were
screened, of which 330,436 ESTs in 119 librariesnfGlycine maxand 226,923 ESTs
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in 61 libraries fromMedicago truncatulavere used in this study to find the distribution
of the TEs in these legumes. | also segregate@ theguences according to distribution
in different plant parts as well as during strebfot{c or abiotic) and unstressed
conditions. The TEs in the root tissue from these tegumes were also studied, to
generate a picture of the activity of TEs in romigesponse to both abiotic and biotic
stress including pathogenic and symbiotic intecasti A total of 169,610 ESTs from

legume roots were studied. Comparison of the fregee of TEs in different tissues and
stress conditions was performed using their peagas® and 2-samplétest was

performed on them to test their significance levels

4.3. Results and Discussion
Like several other plant genomes, chickpea showsddnt dispersal of retrotransposons

(SanMiguelet al, 1996; Heslop-Harrisoret al, 1997; Sanet al, 2000), which seem to
be conserved within the genGscer. Tyl-copiasequences have been detected in closely
relatedVicia species (Pearcet al.,1996), while the chromosomal localization of a Ty1-
copiafamily was determined in chickpea (Branda#sl.,1997). Sequence heterogeneity
between two Tylopia sequences CAl and CR10 fro@icer arietinumand Cicer
reticulatumhas also been reported (Sabtal.,2000) and used for detection of genetic
diversity inCicer. The total number of Tytepiaelements estimated was approximately
600 copies and 10 copies per diploid genomeCofarietinumand C. reticulatum
respectively (Sangt al.,2000). Two groups of retrotransposon-like sequeontesTy3-
gypsy element,CaRepland CaRep2were isolated from chickpea and their structure,
genomic organization and distribution among thedwgipecies of the gen@&cer, were
studied (Staginnugt al., 1999). The present chapter contributes informatonthe
expression pattern of the repetitive elements otkgea. RNA transcripts from
retroelements have the potential to be includecDNA libraries constructed from these
MRNA populations as they have a poly-A tail. Theiratance of these elements in the
RNA population included in the cDNA libraries is pected to represent the
transcriptional activity in chickpea genome.

4.3.1. Expression of retroelements during biotic stss
A number of transcripts were identified by cDNA-AFlto be differentially expressed in

resistant infected chickpea cultivar which wereneld and analyzed as reported earlier
chapters. Of these, 3 corresponded with transpesaleiments (Table 4.2). Chickpea
plants were subjected to conditions of pathogefierige simulating field conditions and
the RNA was isolated from two individual genotypsspecific time points that were

challenged or not challenged with the fungal patimogOC1.
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Table 4.2: Summary of the transcript-derived fragments (TDiggnhtified by cDNA-
AFLP, containing sequences induced during infectime nucleotide-homology of the

TDFs with sequences in the database using BLASJorithm is detailed below.

Clone Id GB Accession Length Homology e-Score

CaFRil2 DR749493 400 Non-LTR retroelement 2e-05
CaFRil5 DR749496 206 GAG-POL precursor gene 8e-11

CaFRi20 DR749479 170 Ty-1 copia retrotransposbe-76

2 DAI 8 DAI

sc si RC sc s RC R
CaFRi12 - - -
CaFRi15 - - -
CaFRi20 “ - -

Figure 4.2: Reverse northern of TDFs similar to retroelemadentified by cDNA-
AFLP. CaFRil12 (DR749493) and CaFRil5 (DR749496)ew&milar to non-LTR like
retrotransposon and CaFRi20 (DR749479) was sinaldy1-copia like sequence.
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It was observed that the retrotransposon transéei@ls in roots correlated with the

exposure of the plants to pathogen challenge irrébistant genotype Vijay (Fig 4.2).

The maximal transcript abundance was detected ats rexposed to the pathogen at 2
DAI.

Time-course RNA reverse northern blot analysissaded more abundance of
retrotransposon transcripts at 2 DAI during patmogdtack (Fig 4.2). The TDFs
CaFRil2 and CaFRil5 showing homology with non-Like fetrotransposon showed to
have increased transcript levels in the resistafiecied cultivar even at 8 DAI interval
though the levels of the transcript reduced whempared to the 2 DAI stage. The
transcript levels of the TDF clone CaFRi20 havirgmiology with a Tyl-copia like
element fromCicer reduced considerably at 8 DAI interval in the s&mnt infected
cultivar. No signals were detected in samples fthencontrol and challenged plants of
susceptible cultivar JG-62 at 8 DAL

Interestingly, the retrotransposons were obseteduk highly upregulated in the
incompatible interaction (resistant cultivar) andt nn the compatible interaction
(susceptible cultivar). The data suggests thatgtreelements are highly sensitive to the
biotic stimuli in the resistant chickpea cultivas was seen with the Tybpia type
element OARE-1 from oat which was also scarcelyivattd in the susceptible
phenotype (Kimuraet al.,2001). This may not be true in all the cases, as atserved
for the expression of Tntl retrotransposon, whichsvinduced equally in both, the
resistant as well as the susceptible phenotypean(ibasteiret al.,1998).

4.3.2. Database survey
To generate a global picture of retrotransposoiviggt publicly available expressed

sequence tags (ESTs) were analyzed for TEs in iB& Tatabase for graminae (wheat,
rice and maize), fabacea@dédicago truncatulaLotusjaponicusand Glycine mak and

solanaceae (potato, tomato and tobacco) in theprasudy. A total of 490,209 unique
sequences from the gene indices of the TIGR datalvase surveyed for the presence of
TEs. The gene indices include both TC and singl&&T sequences, TC (Tentative
consensus) sequence®re analyzed because they were more likely toesgmt full-

length transcripts and singletons because theyesept unique sequences. Fifty five
percent of these sequences were from graminaeQ26fBom fabaceae, and 18.60%

from solanaceae (Table 4.3).

Most copies of retroelements are inactive as $getheir representation in the
MRNA population which is smaller than in the geno@NA. For example, 50-80% of

the genomic DNA in maize is made up by the retrp@sons but constitutes less than
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10% of the mRNA in most tissues (Kumar and Benmet¥®99). This percentage is
similar to those observed Drosophilaand yeast. In Drosophila the levels of transcripts
homologous to Tyl-copia-type retrotransposons ramgeeen 0.5 to 3% of the total
RNA and in yeast 5 to 10% of the polyadenylated R{BWger and Berg 1991).
Previous studies have shown that some of theseetetnents are also transcribed in
different legume species (Garbet al., 1999; Madsenet al., 2005) though no
guantification of their abundance is available. nBtation products of Tyl-copia-type
retrotransposons have been recently detected imoginally in barley (Jaaskelainest

al., 1999).

The accumulation of 557,359 ESTs from differentNéDlibraries of Medicago
truncatula and Glycine max from different tissues, developmental stages, and
environmental conditions provides a unique oppotyurno estimate the relative
proportion of these retroelements in these cDNAaliles. Previous studies based on
database surveys have analyzed ESTs from variag ppecies (Ros&t al., 2001;
Vicient et al., 2001; Khulet al.,2004). The EST data used in these analyses codtaine
ESTs, unique sequences or tentative consensus §BEQsgences, but was restricted to
only one crop like sugarcane or onion or wheatereg specific to one group of plants
like legume specific genes (Grahahal., 2004). To provide a better estimate of the
frequency, type and the distribution of retroeletaen plant ESTs, | analyzed the ESTs
from the TCs of different crops into putative greugf different transposable elements,
thereby reducing the redundancy in the data sefsamalyzed retroelements in the
coding regions from graminae, fabaceae and solaradoethe TIGR database. Sampling
of these ESTs in the database for plant transpesglbment (TE) sequences revealed
that 0.27% (1,340 of 490,209) unique sequencesestudere annotated as TEs (Table
4.3). Of these, 15.14% (203 of 1,340) were homalsgwith class | DNA elements
(Ac/Ds or En/Spm), and the remaining were homolegaith class Il RNA elements

[copia, gypsyor non—long terminal repeat (LTR) retrotranspa$on

| also have analyzed the sequences, both genamelhas the ESTs fro@icer
in the NCBI database as the TIGR database didnohide theCicer sequences in their
gene indices. In the NCBI database we searche@itmr arietinummRNA sequences
annotated as TEs. The survey revealed that ofdta 1,437 mRNA sequences 132
could be retrieved as TE sequences (both expremsgécon-expressed) of these 132
sequences 17 sequences were reported as ESTs oA miBiscripts which indicate
them to be transcriptionally active.
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Table 4.3: Total number of unique sequences (TIGR databass) hine crops and the

number of unique sequences annotated as diffeEent T

Class | Class Il
Total Unique Seq Retrotransposons Transposons  Total TE
Total
Legumes  Medicago truncatula 36878 68 17 85
Lotus japonicus 28460 18 4 22
Glycine max 63676 73 15 88
129014 159[0.123] 36[0.027] 195 [0.151]
Cereals Oryza sativa 89147 532 98 630
Triticum aeistivum 122282 120 10 130
Zea mays 58582 167 41 208
270011 819[0.303] 149[0.055] 968 [0.358]
Solanaceae Solanum tuberosum 38239 42 2 44
Nicotiana tabaccum 21107 75 10 85
Lycopersicon esculentum 31838 42 6 48
91184 159[0.174] 18[0.019] 177 [0.194]
490209 1137 203 1340
Total
|o.055 o
Classll 0.019
0.027
0.303**

Class| 0174
0.123

OLegumes B Solanaceae O Cereals

Figure 4.3: The frequency of TCs from different crops annatates transposable

elements in the TIGR database is represented azrmiages. ** indicates that the

percentage of TEs was significantly highex (05) as calculated using one saniple

test.
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The 17 TE sequences comprised transcripts idemtifiging unstressed conditions (5);
biotic stress (3); and abiotic stress (9). Among Tt like transcripts the total expressed
transcripts during stressed conditions were higjeem during unstressed conditions

To estimate the level of transcription of differeretrotransposons during
different biotic and abiotic stress conditionsngpbrtant because transposition of these
retroelements seems to be regulated mainly atrémsdriptional level. For the tobacco
Ttoland riceTos17Tyl-copiatype retrotransposons a correlation between trgoism
and transposition has been demonstrated (Hiroch®@3; Hirochikaet al 1996).
Therefore, control mechanisms of the transcriptimay be crucial to minimize
deleterious effects of retrotransposon transpesition the host. The plant
retrotransposons have shown different levels afistaption under stress conditions.
Therefore, unique sequences and the TC sequenties legigumes included in this study
were separated into ESTs that were obtained fraantplunder biotic stress (virus,
fungal infection or mychorrizal), abiotic stressolft heat, drought, tissue culture,
wounding and chemical agents), simultaneous biatnd abiotic stress (including

libraries from etiolated seedlings), or no strésab{e 4.4).

Tentative clusters were selected in all nine gldat analyzing the presence of
class | and class Il TEs. Further, TEs from indiingl EST clones from the legumes were
analyzed during stress and non-stress conditiohshénine crops selecteifedicago
truncatula Lotus japonicusand Glycine maxwere grouped into fabaceae. Rice, wheat
and maize were grouped as graminae, while potattacto and tomato formed the
solanaceae group. The total unique sequences &hots TEs (includes both
retroelements and DNA transposons) in the diffeggntups were; 0.151% in fabaceae,
0.358% in graminae and 0.194% in the solanaceagpgf®able 4.3). Graminae had
significantly the highest number of total TEs felled by solanaceae and then fabaceae,
though there was no significant difference betwtdenfabaceae and solanaceae group
for the total TEs as revealed by the two samgiest. Again the total numbers of
retrotransposons in the different groups were aealyand the data suggests that
retrotransposons (class I) are generally more ¢rgstenally active in the grasses than
in other groups of plants, although transcripticouws in all groups. It was observed that
graminae had the highest number of retroelementgtorstransposons (class 1) among
the selected groups with 0.303% and was highly ifscgmt when compared to
solanaceae [0.174%] and fabaceae [0.123%]. Whamalyzed the DNA transposons
(class 1) in these different classes, graminae haslignificantly higher number of
transposons [0.055%] than the other two groupsl€Tél3 & Fig 4.3).
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Table 4.4: Transposable elements during different stressitiond in M. truncatulaand
G. max represented as the percentages which are cadulaing the individual

total of the ESTs in different conditions.

Class | Class Il Total TEs Total ESTs
Unstress 0.053 [106] 0.030 [60] 0.083 [166] 199225
Stress  Abiotic 0.066 [104] 0.030 [48] 0.096 [152] 157371
Biotic | Pathogenid 0.048 [35]0.083 0.011[8][0.010 0.059 [43} gg4 72718 50045
Symbiosis | 0.117 [91][126] 0.010[8] [16] 0.128[99] [142] 77327
Total Stress?-074 [230] 0.020 [64] 0.095 [294] 307416
Total stress/unstre€s066 [336] 0.024 [124] 0.090 [460] 506641
Mixed 0.084 [43] 0.021 [11] 0.106 [54] 50718
Srand toal 0.067 [379] 0.024 [135] 0.092 [514] 557359

Note: The figures in parenthesis represent theahctumber of ESTs similar to TEs. (On 30-06-07 the
number of ESTs was unchanged)
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Figure 4.4: Frequency of transposable element like ESTs in THeR database
represented as percentages fidedicago truncatulaandGlycine maxa) Frequency of
TEs during stress (biotic and abiotic) and unstremsditions. b) Frequency of TEs
during biotic and abiotic stress conditions. c)deency of TEs during biotic stress i.e.
pathogenic or symbiotic interactions. ** indicatdsat the percentage of TEs was

significantly higher (R 0.05) as calculated usirtgest.
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There was also no significant difference in the hamof DNA transposons (class II)
between the solanaceae [0.019%] and the fabacd®&/f@]. Caution should be taken in
this type of analysis as the ESTs in the databaseslerived from a mixture of cDNA
construction and sequencing methods, and displaythevariations combined with the
inherently partial nature of EST sequences, mage&accessions for retrotransposon
transcripts to be missed and cause hindrance iarthetation of ESTs in general.

4.3.3. Transposable elements during different stimuin legumes
Two legume species in particular have been thesfoflarge EST projects over the last

few years -Glycine maxsoybean)M. truncatulg and more recently. japonicus Thus,

a large fraction of all the genes in these spearesrepresented in the current EST
collections. As the EST collections represent cDN#aries derived from specific
organs harvested at defined developmental staggdants subjected to certain biotic
and abiotic stresses, it is possible to use biomédics to infer something about the
relative expression of thousands of different gemeger a variety of conditions.

The total TEs (both class | and class Il) duritrgss [0.094%] were more but the
difference was not significant compared to the Tdtsing unstressed conditions
[0.083%]. The correlation between the EST frequenabserved during the survey of
the retrotransposons and transposons (Table 4.4Fanpd4.4a) suggests that these
frequencies reflect a particular transcriptionaktgra of the transposable elements
screened in this study. The increased frequendSdfs of transposable elements in the
cDNA libraries from stressed plants correlates weih the experimental evidence
(Kumar and Bennetzen 1999; Vicient et al. 1999) dathbase survey (Vicieet al.,
2001; Echeniquet al.,2002) suggesting that the observed frequenciethareesult of a
particular transcription pattern rather than anifaat produced by genomic
contamination of the cDNA libraries.

Total TEs (both class | and class Il) during theo#ac stress [0.096%] were
marginally more than the TEs during biotic stre8994%] and not significant (Fig
4.4b). In the biotic stress TEs during symbiosid28%)] were more than TEs during
pathogenic stress [0.059%]. The retrotransposofassycl) were also significantly
[P=0.0046] more during stress conditions [0.073%&nt in unstressed conditions
[0.054]. However, retrotransposons were signifigaiir)=0.0006] more during the biotic
stress [0.083%] than in the abiotic stress [0.066%p 4.4b). Within the biotic
conditions the retrotransposons were more duringbsysis [0.112%] than during
pathogenic stress (Fig 4.4c). The DNA transposolasg II) were slightly more during
the unstressed conditions [0.03%] than during stcesditions [0.01%].
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Table 4.5: Transposable elements during different stressitiond in the root tissue of
M truncatulaandG max represented as the percentages which are ca&dulaing the
individual total of the ESTs in different condit®n

Class | Class I Total TEs Total ESTs
Unstress 0.061 [24] 0.012 [5] 0.074 [29] 39115
Stress  Abiotic 0.091 [26] 0.014 [4] 0.105 [30] 28499
Biotic | Pathogenid 0.070 [15] 0.107 0.014 [3]0.011 0.084[18) 115 21405 o573
Symbiosis | 0.117 [91]| [106] 0.010 [8] | [11] 0.128[99] [117] 77318
Total Stress?-103 [132] 0.011 [15] 0.115 [147] 127222
Total stress/unstred3.076 [156] 0.009 [20] 0.086 [176] 202714
Mixed 0.030 [1] 0 0.030 [1] 3273
Grand total 0.092 [157] 0.011 [20] 0.104 [177] 169610

Note: The figures in parenthesis represent theahctumber of ESTs similar to TEs. (On 30-06-07 the
number of ESTs was unchanged)
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Figure 4.5: Frequency of transposable element like ESTs in THeR database
represented as percentages from the rootMedicago truncatulaand Glycine max
during different stress conditiona) Frequency of TEs in the roots during total ssre
(biotic and abiotic) and unstress conditions. @geency of TEs in the roots during
biotic and abiotic stress conditions. ¢) FrequenicYEs in the roots during biotic stress
i.e. pathogenic or symbiotic interactions. ** indies that the percentage of TEs was

significantly higher (R 0.05) as calculated usirtgest.
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Within the stress conditions the transposons (clssvere significantly [P=0.0001]

more during the abiotic stress [0.03%] than inibiobnditions [0.01%] (Fig 4.4a). In the
biotic stress conditions the transposons were rdoreng pathogenic stress [0.011%)]
than during symbiosis [0.009%] but were not siguaifit (Fig 4.4c). Under both
conditions stressed and unstressed the retrotraospdclass 1) were significantly more

than the DNA transposons (class Il).

4.3.4. Transposable elements during stress in legemoots
Legume roots offer a unique site in study of plemtrobe interaction, comprising both

symbiotic as well as pathogenic associations. Sufdihe expression of transposable
elements in the legume roots helps to understaenl #ttivity during these different
associations. In roots, the transposable eleméwiwesd similar pattern, where the total
TEs (both class | and class Il) were significafiyz0.0291] more in the stress conditions
[0.115%] than in unstressed conditions [0.074%b{&al.5 & Fig 4.5a), and the TEs in
biotic stress [0.118%] were slightly higher whemguared to the TEs during the abiotic
stress [0.105%] but not significant (Table 4.5bheTtotal TEs during symbiosis
[0.128%] were not significantly higher than the Tdiging pathogenic stress [0.084%].
The retrotransposons (class 1) in roots were siamtly [P=0.0174] higher during the
stress conditions [0.103%] than in unstressed tomdi [0.061%]. In the stress
conditions the biotic stress [0.107%)] had moreotedinsposons than in abiotic stress
[0.091%] and in biotic stress the retrotransposegase not significantly higher during
symbiosis [0.113%] than in pathogenic stress [(.QFQ 4.5c). The DNA transposons
(class 1) in roots did not show any significantfelience between the two groups i.e.

stressed and unstressed conditions.

4.3.5. Transposable elements in different tissue$ legumes
Fabaceae, the third largest family of plants aredsburce of many crops, has been the

focus of many genomic studies. The legumes proaidaique system of symbiotic and
pathogenic interactions found, and thus provide enoos targets for functional
genomics research. Symbiosis with soil microbeshtain fixed nitrogen is unique to
legumes, while mycorrhizal association is also tbunmajority of higher plants. There
are nearly 129,014 unique sequences (TCs and Epssenting the fabaceae available

from ‘The Institute for Genome Research’ (TIGR bsew http://www.tigr.org/

November, 2005)Lotus japonicusvas not include in the study as many plant parts a

different stress conditions as compareexlicagoandG maxare not available.
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Table 4.6: Transposable elements in different plant tissned truncatulaandG max
represented as the percentages which are calculsiegl the individual total of

the ESTs in different tissue types.

Class | Class Il Total TEs Total ESTs

Roots 0.092 [157] 0.011 [20] 0.104 [177] 169610
Shoots 0.064 [31] 0.027 [13] 0.091 [44] 47900
Leaves 0.050 [41] 0.011 [9] 0.061 [50] 81024
Seedlings 0.039 [30] 0.039 [30] 0.079 [60] 75794
Seeds 0.066 [51] 0.018 [26] 0.084 [65] 77080
Flowers 0.043 [14] 0.081 [26] 0.125 [40] 31966
Cell culture 0.050 [15] 0.040 [12] 0.090 [27] 29973
Total TE 0.067 [339] 0.024[124]  0.090 [463] 513347
Mixed 0.090 [40] 0.024 [24] 0.115 [51] 44012

0.067 [379] 0.024 [135] 0.092 [514] 557359

Grand Total
Note: The figures in parenthesis represent theahauumber of ESTs similar to TEs.

(On 30-06-07 the number of ESTs was unchanged).
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Figure 4.6: Number of ESTs in the TIGR database annotatedeasStbm different plant
parts ofMedicago truncatulaandGlycine maxepresented as percent. a) Total TEs from
both plants and their distribution in different {gaof the plant. b) Class | TEs and their
distribution in different parts of the plant. c)aSé Il TEs and their distribution in
different plant parts. d) Combined graph depictimg presence of TEs in different plant
parts. ** indicates that the percentage of TEs wigsificantly higher (R 0.05) as
calculated usingrtest.
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The ESTs were assorted in seven different groups weispect to plant parts; roots
(included nodules, root hair and hypocotyls), skofhcluded meristametic tissue,
epicotyl, vegetative buds and stems), leaves, s@sd(included plantlets and whole
seedlings), seeds (included pods, seed coat agtedons), flower (included all floral

parts) and cell culture (all type of tissue grows ell culture), as these were the
common plant tissue for the two legume crops umstiedy. Only the plant tissue those
were common to the two crops were included in #tigly and those, which weren’t

common, were left out.

Total percentage of TEs was highest from flowei26%)] and roots [0.104%]
followed by shoots [0.091%] and cell culture [0.p8®en seed [0.084%] and seedling
[0.079%)], the total TEs in leaves [0.061%] were liweest and highly significant when
compared to the TEs in flower and root (Table 4.€i§ 4.6a). When retrotransposons
from different plant parts were compared it waseobsd that roots had the highest
number of retrotransposons [0.092%] followed bydsd8.066%] though these two were
not significantly different from each other (FigéB). Seedling [0.039%] and flower
[0.043%] had the least number of retrotransposbaa in other groups the difference
was highly significant when compared to the rodtsall the five groups except the
flowers and seedling the retrotransposons wereehigiian the transposons but was
significantly more only in roots and seeds. In $iegdthere was no difference between
the retrotransposons and transposons while inidlaesfs the number of transposons was
more than the retrotransposons (Fig 4.6c). Howeiteghould be noted that only
transcription and ultimate integration in tissu@dng rise to gametes is heritable; the
ESTs here are derived from many types of tissuedl€r4.6). Therefore, the active
transposable elements in floral or seed tissue dvaatount for the heritable changes.
An interesting trend shown by the class | and cla§€s was observed, wherein the
frequencies of both class of TEs showed an invieesel (Fig 4.6d).

Among the 490,209 unique ESTs searched in this riepetrotransposons
represent about 0.23% of transcripts, the frequéeayg higher among graminae than in
solanaceae or fabaceae. The frequency would beasdotel higher where the database
was searched using BLASTx with a complete retrgjpasons sequence. Secondly, |
have shown that the transposable elements areretiffally up-regulated during the
pathogen challenge in chickpea. In plants, the aogyber for Ty3gypsyelements is
generally high, up to 20,000 with the exceptionghd Athila and RIRE elements of
Arabidopsis and rice which are represented by 3fleso Athila and RIRE and other
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Ty3-gypsygroup elements have not been found among retspcsmons that are active in
plants Madseret al (2005). Similar to this when the database wascked for Ty3-
gypsy the search retrieved very few sequences as ceapaTyleopia

In conclusion although role of TE in plant defegminst invading pathogen is
ambiguous, the present study provides clear evalehincreased activation in resistant
cultivar roots challenged with wilt pathogen FO@1legume roots TE activity found to

be significantly higher during both symbiotic aratippgenic interactions with microbes.
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Chapter 5

General discussion and future directions




5.1 Summary

In the present work, differential expression ofcklpea genes was studied from resistant
and susceptible varieties in respons&utsarium oxysporumspciceri racel infection.
Many gene transcripts that were upregulated in rémstant cultivar upon FOC1
infection were identified. The transcripts ider&diin this study along with the other
known genes possibly involved in host-pathogenrattgons have been schematically
represented in Fig 5.1. Of the genes upregulatesistant cultivar during pathogen
attack, WRKY and 14-3-3 were identified for thesfitime in chickpea, though their role
in defense is described and understood in many pthat species (Roberts and Bowles,
1999; Chenet al, 2006). Previously described defense genes in-gaihogen
interactions like NBS-LRR, chitinase, hydrolase,F@Ee, and gamma glutamyl-cysteine
synthetase were observed to be upregulated intaesisultivar upon FOCL1 infection.
Interestingly, LTR and non-LTR types of retrotranspns were seen to be upregulated
in chickpea roots during pathogenic stress. Thé-pathogen interaction was marked by
few genes whose identity could not be establisbéder due to the smaller size of the

obtained sequence or they could be new genes tathedescribed.

For the first time, full-length 14-3-3 genes frochickpea were isolated and
cloned. 14-3-3 genes are present as a fairly léagely in eukaryotes especially in
plants. Two isoforms of the 14-3-3 genes in chiek§@al4331 andCal4332) were
identified and hypothesized for presence of mooéoisns. TheCal4331 gene was of
epsilon type suggesting it to be of primitive onigivhile Cal4332 was of non-epsilon
type, which is known to be more evolved. Of the taaformsCal4332 appeared to be
positively associated (upregulated upon FOC1 imdaftwith the resistant cultivar
during FOC1 infection while th€al14331 was observed to be positively associated with
the susceptible cultivar during FOC1 infection.tte susceptible cultivar the pathogen
infects the roots and grows rapidly, the myceliadss thus plugs the xylem vessels
disrupting upward flow of water leading to pronoedawilt. In parts of the root tissue
the disrupted water flow creates virtual drougke lcondition. Usual response of the
plant to the drought like conditions is to incredasanspiration in an attempt to draw
more water into the xylem. This is facilitated pyeaing of the stomata and also through
the increase in aquaporins in the root tissue. ;T6a44331 could possibly be involved
in stomatal opening and the TDF, CaFri51, an aguapis therefore, found expressed at

higher levels in susceptible cultivar.
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Figure 5.1: Schematic representation of different genes treatreluced during the host-
pathogen interaction in the resistant and susdeptdrieties.
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On the other handCal4332 is disease responsive and involved in signal
transduction pathway, triggering the cascade of emdar responses leading to
resistanceCal4332 could possibly act via ATPase activation throtigh accumulation
of reactive oxygen species (ROS), which is suppootethe fact that gamma glutamyl-
cysteine synthetase, a key enzyme in ROS scavengirgjso upregulated during
pathogen attack. Interestingly, a TDF (CaFRi36)odimy ATPase like protein was

identified, which was upregulated during pathogestiiess.

Most resistance proteins are receptor-like protdimases of the nucleotide-
binding site-leucin-rich-repeat (NBS-LRR) class antbmposed of different
combinations of conserved elements. In this stlicdhguld identify at least three NBS-
LRR like transcripts. Huttekt al (2002) isolated a series of RGAs from bdih
arietinumandC. reticulatum A total of 48 different RGAs fell into 9 differesequence
classes, and were members of the Toll-interleugaeptor (TIR)-NBS-LRR and coiled
coil (CC)-NBS-LRR groups. Of these, 30 were mappedive linkage groups on the
reference genetic map of chickpea (Wirgeal, 2000), some of them as clusters on LGs
2 and 5, respectively. Besides this, a direct aggrotowards isolation of resistance
genes from chickpea resulted in mapping 12 RGA srarkhat clustered on three LGs
(Flandez-Galvezet al, 2003). However, efforts to directly clone a Rusa or
Ascochyta resistance gene via the candidate ggmeagh have not yet been successful,
which could be attributed to the low level of polyrphism in the chickpea genome in
addition to the highly conserved NBS-coding regisied for designing the primers that
probably eluded the mapping of many RGAs. Targedintpe more variable LRR coding
region of the genes in accordance with new methodietect polymorphisms such as

EcOTILLING (Comaiet al, 2004) may be more successful.

The other three transcripts identified were CaRRiCaFRil5 and CaFRi20
which showed sequence identity to retrotransposmuencesThese transcripts were
infection responsive being differentially regulated roots of the resistant infected
cultivar. Previous studies have proposed that treingposons have captured the
inducible promoters of defense genes or in conglliney could have provided their
inducible promoters to some plant defense genean(fbiastieret al, 1997; Takedat
al., 1999). Many transposons (TntlA, TntlB, TntlC,REAL and Ttol) are reported to
be induced during biotic and abiotic stress (Casaxtaet al, 2003). Retroelements are
known to be found in resistant gene clusters ke Fusarium wilt resistance locus in

melon (Fom-2) that contains two retroelement-likgueences and three sequences with
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similarity to DNA transposons (Joobegtral,, 2004). It is opined that the high variability
needed to evolve new resistance specificities 8t plant is generated by the insertion of

transposable elements (Reijatsl, 2003).

To generate a global picture of retrotransposdivigcwith special reference to
pathogen infection, the publicly available expréssequence tags (ESTs) for TEs in the
TIGR database were analyzed for graminae (whest,amd maize), fabaceddddicago
truncatula Lotus japonicus and Glycine max and solanaceae (potato, tomato and
tobacco). A total of 490,209 unique sequences fthe gene indices of the TIGR
database were surveyed for the presence of TEmiGaa had significantly the highest
number of total TEs followed by solanaceae and thbaceae. Among the TEs found in
Graminae the retrotransposons of class | with @@0td significantly high number
when compared to solanaceae [0.174%] and faba®eb23P6]. The DNA transposons
(class 1) were also significantly higher in gramn [0.055%] than the other two

families.

Within fabaceae the retrotransposons (class lewsgnificantly [P=0.0046]
expressed more during stress [0.073%)] than in essdd conditions [0.054]. However,
retrotransposons were significantly [P=0.0006] mdueing the biotic stress [0.083%)]
than in the abiotic stress [0.066%], while withivetbiotic conditions they were more
during symbiosis [0.112%] than during pathogeniess. Similar trends were observed
in the roots of fabaceae.

5.2. Updating Beckmans’s model of vascular wilt
In the case of vascular wilts xylem tissues proadmnvenient and effective system for

study of host-parasite interactions. Xylem vesdm}syirtue of their design and function,
become a dangerous zone for extensive and ragiitbdison of parasites in case there is
a breakdown in the system. Perforation platesattids of vessels are the sites serving
as check points that screen fungal spores fronréimspiration stream (Beckman, 2000).
However, organisms (like the vascular pathogeref) ¢an quickly germinate, penetrate
these end-walls and sporulate in the next xylermeid, present a serious threat to the
plant. Nevertheless, it takes 2-3 days for a swfokdungal vascular parasite to
germinate, grow through vessel end-walls and preduature spores that can abscise
and be carried further upward in the transpirastream in the next vessel element.
Thus, the plant has a period of 2-3 days, to s#alhe infection sites (Beckman and
Roberts, 1995) as represented in a model of thendefsystem in xylem tissue (Fig 5.2).
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Figure 5.2: A time-space model of longitudinal and lateralthuarasite interactions that
occurs within Space-0 (the initially inoculated selselement below a vessel ending, and
the surrounding vascular parenchyma tissue) ar8pace-1 (the next vessel above and
its surrounding parenchyma tissue). The left sidéa® model shows the various defense
processes of the host [(a)-(i) in chronologicalesfdind the times of their occurrence in
Space-0 and Space-1 that, when they predominatee s inhibit a vascular parasite
and to localize the infection. The right side oé tnodel shows the processes of the
pathogen and the times of their occurrence in SPpaaad Space-1 that, when they
predominate, enable the parasite to escape Spaod-@raverse Space-1. Inoculum is
initially introduced through severed vessels (bottof model) and drawn upward
through Space-0 by transpirational pull within 10nnfTime-0). Note that phenolic
infusion from a phenolic-storing cell into the velsss clearly visible by 9 h after
inoculation. The movement of IAA and ethylene upivéirom the point of phenolic
release and oxidation (i) to initiate gel extrusamd tylose growth is hypothetical, but
many-fold increases in the concentrations of IAAd athylene in infected vascular
tissues have been documented. (Reproduced frormizecknd Roberts, 1995).
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The plant responses to the pathogen can be catedganto longitudinal and
lateral defenses. The build up of indole acetid #AA), oxidative burst and activation
of H" pumps, provide for a longitudinal defense in tiytem tissues. While the lateral
defense within xylem parenchyma tissues whereircéils surrounding infected vessels
react either by means of hypersensitivity or theodéion of callose which then becomes
lignified and/or suberised (Beckmaat al, 1989). Cells responding with the HR were
never found to be invaded. The relative succesailore of the callose response to limit
tissue invasion varied with the genetic complenwnthe host and parasite (Beckman
2000). The longitudinal and lateral componentseafedse and the approximate times of
their occurrence, together with the actions of tepiial pathogen are presented in the
model (Fig. 5.2).

Defense mechanisms of plants against pathogehslelater alia the production
of reactive oxygen species, synthesis of antimiatolphytoalexins, induction of
hydrolytic enzymeseg.g, chitinase, glucanase), construction of defenbaiers €.g,
lignin, suberin), and hypersensitive reaction (HamdiKosack and Jones 1996,
Mellershet al. 2002, Sindelar and Sindelarova 2005). The resuRQf participate in
the damage of the attacking pathogen (Peng andlR8R), cross-link proteins into the
plant cell wall (Bradleyet al1992), lignification of cell wall (Olson and Varn&g93),
and induction of expression of a variety of deferedated genes. A final result of the
induced oxidative burst may be its participation time hypersensitive response
(Huckelhoven and Kogel 2003, Levieeal. 1994). The role of enzymes in plant-fungal
pathogen interactions was summarized by Lelstdd (2001). Some of these responses

as observed in my studies with chickpea-Fusariustesy are discussed below.

Callose deposition
One of the earliest responseshosariumsp. infection is the deposition of additional

wall callose material (papillae) within contactlselThe vascular plugging was found to
seal off xylem elements of resistant pea cultivavbjch serves as physical barriers
(lignification) to retard or prevent vascular in@asand spread of pathogen (Kraft 1994).
Earlier studies in our laboratory have associdbteddiecrease iff-1,3-glucanase activity

and increase in chitinase activity in root tissfi¢he resistant cultivar with a higher rate

of callose deposition (Giet al, 1998).

Oxidative burst
The oxidative burst, an early event of plant dedeasd/or signaling, appears rapidly in a

number of plant-pathogen interactions (Lamb & Dixd®97). Plants have well-

123



developed defense systems against ROS, involvitig Ibuiting the formation of ROS
as well as instituting its removaAlscher et al 2002). Plants usually keep the levels of
ROS under tight control by the production of scaeg enzymes and non-enzymatic
antioxidants (Wojtaszek, 1997; Kuzniak and Urbar8Q0; Moller, 2001; Vranovat
al., 2002). HO, also inhibits the growth and viability of diversacrobial pathogens
(Wu et al, 1995). The oxidative potential of,8, also contributes to plant cell wall
strengthening and may create additional barriemsnguplant-pathogen interactions
through peroxidase-mediated cross-linking of pmsliich structural proteins and

phytoalexins biosynthesis during oxidative burst.

Antioxidants
The ROS damages the host machinery also and tegpiitgelf the host produces some

antioxidants like glutathione. Glutathione is aruatant metabolite in plants that has
many diverse and important functions (Noctor & Fo0yE998), including signal
transduction (Noctoet al 2002; Gomeet al. 2004). Activation of glutathione synthesis
and its accumulation is a general feature of endrhraxidation of the cytosol. Recent
evidence suggests that the enzymes of GSH syntlaesismetabolism are induced
together in response to stress (Mitt@tal 2004). The pathway of glutathione synthesis
is conserved in all organisms and involves two eres,y-glutamylcysteine synthetase
and glutathione synthetase. Mutations inyfgtutamylcysteine synthetase gene resulted
in decreased levels of glutathione (Coble¢tl 2000).

Resistant (R) genes

Early recognition of potential pathogen is the k@gnt in plant defense. The recognition
is based on specific pathogen factors (avr) whrehr@ecognized by a cognate host factor
(R) constituting most effective types of defenseiants, mediated bR genes (Keen,
1990; Dangl & Jones, 2001). THgene-specified disease resistance (also termed gene
for-gene resistance) is often, but not always, aqgamied by a rapid and localized cell
death (hypersensitive response: HR) at the siteatwémpted infection. When
correspondingR and avr genes are present in the plant and the pathogeesutts in
disease resistance, and if either is inactive areat) leads to disease. TRegene
products are, therefore, capable of sensingathredependent factor and subsequently
triggering a chain of signaling events that actvdefense mechanisms (Keen, 1990;
Dangl & Jones, 2001). The largest clasfkajenes encodes a cytoplasmic protein with
leucine rich repeats (LRRs) and a putative NB wtened the ‘NBS-LRR’ class. This
class can be further subdivided into members thatyeither N-terminal homology to

the Toll protein and interleukin-1 receptor (TIR-NIRR), or to those that carry a
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putative coiled-coil (CC) at the N-terminus (CC-NIBR). Resistance genes from both
these subclasses are known to confer resistandasadangi. NBS-LRR genes are
known that confer resistance against flax rust,zmaust, barley powdery mildew, rice
blast, the tomatdusariumwilt pathogen, and the downy mildew oomycete (Dagl|
Jones, 2001).

14-3-3 via CDPK pathway

Transient changes in ion flux across the plasma lmane appear to be a common early
event that triggers defense signaling. Camoni e{18198a), have identified a protein-
protein interaction between 14-3-3 proteins andDPK. Three 14-3-3 isoforms were
tested and all of them activated CDPK-1, with dlighfferences in their potency,
suggesting that the ability to stimulate CDPK-laigeneral feature of 14-3-3 proteins.
Receptor-mediated regulation of plasma membrarstddcion channels stimulates ion
fluxes (C&"/H* influx, K'/CI~ efflux) immediately after challenge with avirulent
pathogens or elicitors. One of the downstream tarfge C&" has been shown to be a
calcium-dependent protein kinase (CDPK), a classeoine/threonine protein kinases,
unique to plants and some protists. The large CDOf&Ke family suggests that
isoenzymes confer different specificities and fiord in multiple signaling pathways
(Hong et al, 1997; Hrabalet al, 1996). CDPKs have been implicated in response to
several environmental stresses, induction of CDPRNA, and its role in activating
plant defenses in plant-pathogen interactions leas lbeported (Romeet al, 2000). In
tobacco cells expressing the toma&69 gene, two K channels were shown to be
differentially regulated (Blatéet al, 1999). In another study &f-9-transgenic tobacco
cells, the Avr9 peptide induces a rapid activataintwo isoforms of CDPK through
phosphorylation (Romeigt al, 2000 & 2001). The plant defense is triggeredaby
signaling network of parallel pathways that mayrierlinked at single components. The
increase in the cytosolic &a concentration, which occurs within seconds after
elicitation, appears to be a master regulator requfor many subsequent signaling
steps. ROS production, CDPK and MAP kinase acbtwatdefense gene triggering, and
phytoalexin production, singly or in combinationen® shown to be compromised in the
presence of CGa -chelating or C& channel-inhibiting compounds (Scheel, 1998). The
14-3-3 appears to mediate HR by activating CDPKctvim turn utilizes C& ions.

14-3-3 via MAPK pathway
The alternative pathway connecting 14-3-3 to HRmisdiated through MAP kinase.

MAP kinase cascades are also involved in early tsvehplant defense signaling. The

tobacco MAPKs, SIPK and WIPK are rapidly activatgebn challenge with avirulent
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pathogens or elicitors (Zhang & Klessig, 1998; Rmmet al, 1999). Evidence of
contribution of MAPK cascades to defense gene atitim has also been shown using a
gain-of-function approach (Yargg al, 2001). Expression of a constitutively activenfior
of NtMEK2 (a tobacco MAP kinase) activates both SIPK and WIiRPKduces HR-like
cell death, and induces genes for 3-hydroxy-3-mghiaryl CoA reductaseHMGR)
and L-phenylalanine ammonia-lyadeAL), which are key enzymes in the phytoalexins

and SA biosynthetic pathways, respectively (Yahgl, 2001).

WRKY transcription factors
MAPK also connects to WRKY transcription factor dsmonstrated by Asast al

(2002) inArabidopisiswhere the MAPK cascades comprising MEKK1, MKK4/MEK
and MPK3/MPK6 activate the WRKY22/29 in mesophwllls challenged with the
flagellin elicitor. The WRKY's are plant-specifiatrscription factors that bind to the W
box DNA element (TGAC core sequence) found in themmwters of diverse classes of
defense related genes (Eulgeial, 2000). In parsley cells, WRKY1 is targeted te th
nucleus upon treatment with Pepl3 elicitor, andvatds fungal elicitor-induced gene
expression by binding to W box elements (Eulgsral, 1999).

Aquaporins

Aquaporins are proteinaceous pores that facilita¢epassive diffusion of water across
membranes of living cells. Plant aquaporins arédé into four groups or clades based
on amino acid sequence similarities: plasma mengbrantrinsic proteins (PIPS),
tonoplast intrinsic proteins (TIPs), nodulin-liketrinsic proteins (NIPs) and small basic
intrinsic proteins (SIPs). Some groups may be suded again (for review, see Luu and
Maurel, 2005), as is the case with PIP proteingiddd into PIP1 and PIP2). Aroe
al., (2006) showed the upregulation of the PIP geqeession in roots and attributed it
to a direct effect of the low water availability cathe inherent fall of the soil water
potential. In fact, Hillet al (2004) have proposed that aquaporins could fancés

osmosensors in plant membranes.

5.3. Concluding remarks
The concept of “interactome” (Birch & Kamoun, 20Q0pse with the development of

EST libraries from plants as well as from the pgdm where the analyses of both
groups of transcriptomes were combined on the samsgy. Simultaneous analysis of
genes from the two partners of the interaction kEhowcrease our understanding of the
successive “attack and defense” steps leadingatot plisease or resistance, as recently

illustrated by Moyet al (2004) through the interactome of tlie sojaésoybean
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compatible pathosystem. This for the first timastrated analysis of an interactome

between a pathogen and a legume.

The field of plant-pathogen interactions is mucbrenadvanced i\. thaliana
than in model legumes. Several transcriptomicsyaeal were performed to assess the
regulation and coordination of gene networks foriotss aspects of compatible or
incompatible interactions (for reviews see, Kaeaml, 2001; Waret al, 2002). From
these studies, concepts were drawn to predict pésmpionses according to the nature of
the attacking pathogen. Salicylic acid (SA) sigmglipathway and defense genes
consecutively induced by this molecule, such as,RRauld preferentially be recruited
by plants inoculated with biotrophic parasites.ddnparison, resistance to necrotrophic
parasites should essentially be triggered by g&peession associated with the jasmonic
acid (JA) and ethylene pathways, notably by lipenases (LOX), (Hammond-Kosack
& Parker, 2003). Recent data gained from pathoggorhe interactions suggested that
this division of plant defense responses is ndtwhdl-defined. Although soybean afd
syringae(Zou et al, 2005) seemed to have a good synteny of the mesgalescribed for
the A. thaliandP. syringaepathosystem (Taet al, 2003), another legume-pathogen
interaction was in contradiction with the proposeddel. Indeed, the resistance of
chickpea toAscochyta rabieia necrotrophic pathogen, could be triggered ki ISA-
and MeJ-pathways (Cho & Muehlbauer, 2004). Herdhim present study involving
chickpea-Fusarium system few genes like 14-3-3\&iRKY were identified as being
new to the said system. Other examples illustteedct that the type of plant responses
might not be strictly correlated to the kind of asitism. The defenses induced An
thaliana inoculated with the hemibiotrophic fungal pathogetolletotrichum
higginsianumcould rather be compared to a response to a neplotr pathogen
(Narusakeet al, 2004). The conclusions were not so obvious flegunme pathosystems.
In an incompatible interaction between the hemibjaitic C. trifolii andM. truncatula
five LOX genes were early induced (Torregrostaal, 2004), indicating rather a
necrotrophic-like response, however, SA-relatedegesuch as PR1 were also found to
be over expressed. Other comparisondMoftruncatularesponses td&rysiphe pisi a
biotrophic parasite, and t8. trifolii during incompatible interactions showed that the
modulation of plant defense-related genes lookexy wmilar across the analyzed
pathosystems (Foster-Hartnettal, 2004).

All these comparisons indicated that even if aehlkugowledge could be gained

using A. thalianaas a model for plant-pathogen interactions, thatitied resistance
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mechanisms could not be fully extrapolated to legsinClearly, more transcriptomic
analyses are needed to specifically characterquente-pathogen interactions. Symbiotic
N fixing organism’s co-existence in legume root eskhe interaction scenario more
complex since pathogen and symbionts induce sinmlaal molecular responses. How
and when the common theme of responses deviateesalt in useful/harmful

association is not very clear.

The transcriptomics studies of legume-pathogegraations are still limited to a
few reports, mainly focused on only two species.evéhs the increasing data gained on
the model legumes can accelerate our understandlithg onset of disease or resistance,
global approaches need to be transferred to ma@pscsuch as peas or beans. The
availability of transcriptomic tools such as thellgk oligonucleotide arrays fa¥l.
truncatula the 36k cDNA arrays for soybean and the Ps6kyarfar pea will induce a
major change of scale in the analysis of many okl processes in legumes (Kuester
& Bendahmane, 2004) and plant-pathogen interactatisdirectly benefit from these
high throughput EST analyses.

As RNAs are only transmitters of the informatid@nmight be also necessary to
associate proteome or metabolome studies withrémsdriptome results. Finally, one of
the bottlenecks associated with the generatiorrasfstriptome data is the analysis of
genes with unknown function. High-throughput apples in this field need to be
developed for legumes. Several recent reportsimglansertional mutagenesis with
transposon irM. truncatula(d’Erfurth et al, 2003), TILLING strategy irL. japonicus
(Perryet al, 2003) or supplementary silencing technologiesldgumes such as virus-
induced gene silencing in pea (Constastiral, 2004) or tissue-specific gene silencing
in soybean (Tutej&t al, 2004) gave hope to adapt some of these techitguenany

other legumes.

5.4 Future directions
1) To increase the potential number of defense-rlgémes, will require generation and

study of more cDNA libraries from chickpea plamsculated with various pathogens or
from elicitor-treated tissues or cells. Availahiliof such defense-related libraries would
be a useful source of information to identify neangs involved in plant responses to
pathogen attackin silico analysis of such collections through “electroniortierns”,
will help in identification of genes involved inait responses to pathogen attack, in a
similar way as reported for symbiosis (Fedoreval, 2002; Journett al, 2002).
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2) Application of more transcriptomic studies (SSHubtsactive suppression
hybridization; SAGE- serial analysis gene expragscDNA-AFLP) to chickpea will

help in getting an insight into mechanisms of stnedated (biotic or abiotic) or
developmental processes. The impact of transcrig®m chickpea breeding would be

more with the inclusion of microarray techniques.

3) The transcriptomic data in combination with mapmneyated from markers and
detecting SNPs in differentially expressed geneadifeg to single nucleotide
amplification polymorphism markers (SNAP; Drenkast al, 2000; Hayashet al,
2004), would help to directly employ the gene derast as markers as seen in mouse
(Schadtt al., 2003).

4) The determination of genetic variability in thegmnes in the chickpea germplasm will
then be the next step towards targeted molecuesdong and more efficient germplasm

management.

5) Functional validation of the differentially expsesl genes in chickpea using various
methodologies like over expression or silencing@$8t viral induced gene silencing or
more recently the RNAIi- RNA interference) will halp consolidating their candidature
for application to transgenics to develop new wal$ resistant to various pathogens or

pest.
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