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Summary

Pearl millet (Pennisetum glaucum (L.) R.Br.) is of critical value for food security in some
of the world’s hottest and driest cultivated areas of Africa and Asia. Downy mildew,
incited by Sclerospora graminicola (Sacc.) Schroet. is the most widespread disease of
pearl millet (Singh et al., 1993). S. graminicola is an oosporic, systemically infecting
heterothallic fungus affecting the crop at the seedling stage and transforming the panicle
into a malformed ear head, called green ear. The losses can be very high under favorable
conditions of disease development in a susceptible cultivar. Studies on this oomycete
pathogen are complicated by the fact that it cannot be grown as an axenic culture in
laboratory. The introduction of potentially high yielding hybrids into India in the late
1960s led to a large-scale cultivation of homogenetic material. When the first of several
downy mildew epidemics occurred in 1970-71 (Andrews et al., 1985), there were three
consequences of resistance breakdown: withdrawal of several hybrids, yield reductions and
an increase in pathogen inoculum. Resistance is known to be regionally variable, and,
therefore, new breeding material has to be tested in expensive multi-location trials (Ball et

al., 1986).

I endeavored to study the downy mildew population based on molecular variations and to
solve some queries on the host-pathogen interaction using amplified fragment length
polymorphism (AFLP) as a molecular tool to resolve genetic differences among 19 isolates
of downy mildew from different geographic locations where pearl millet is grown. Based
on the marker data, unweighted pair-group methods of averages cluster analysis and
principal coordinate analysis separated the mildew collections into 4 distinct groups.
Pathogen isolates having opposite mating ability as (+) and (—) strains to produce sexual
oospores confirmed the genetic relationship to expected variation. In some cases, the
genetic distance between the isolates reflected the physical distance between collection
sites. The use of AFLP as a DNA fingerprinting method to detect genetic variation would
be particularly important in selecting mildew isolates in screening breeding material for
identification of resistance and monitoring genetic changes in S. graminicola populations

in relation to changes in host cultivar.

The downy mildew pathogen is capable of infecting a previously resistant host as it
evolves rapidly to new virulent forms, a characteristic of retrotransposon activation.
Retrotransposons are mobile repeat elements, and are known to mutate the organism’s

genes on activation by abiotic and biotic stress factors. I screened the Agtl1 phage genomic
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library of Path-6 isolate of S. graminicola with P5 retro element that originated from
another fungal pathogen. Some analogues were isolated and their distribution among 5
diverse host specific pathotypes was studied. In this investigation, I also tried to study the
role of P5 in compatible and incompatible pear millet-downy mildew interactions in

nature.

A DDRT - PCR (Differential Display Reverse Transcriptase PCR) approach was
implemented to unravel the underlying mechanisms in the process of infection and the
interplay of signaling between host and pathogen. The main advantage of this technique is
it permits the simultaneous identification of up and down regulated genes. DDRT - PCR
has been used to isolate mRNA species in plants induced in response to biotic and abiotic
stress (Liang and Pardee, 1992). The DDRT study could show differential expression
between healthy and infected pearl millet seedlings. I also tried to elucidate the role of
certain defense-related genes namely PAL (Phenylalanine ammonia lyase), lipoxygenase,
chitinase in resistance of pearl millet to downy mildew. The changes in the levels of these
defense proteins were found to be associated with incompatible and compatible
interactions. An attempt was made to correlate temporal patterns of morphological events

of the infection process.
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Chapter 1

General Introduction



Diseases are one of the major constraints in the cultivation of crops especially in today’s
monocropping environment that becomes conducive for the multiplication of plant
pathogens. Among various phytopathogens, the fungi have been historically and are
currently the most important pathogens of crops causing far-reaching damages all over the
world. My thesis has focused on specific molecular aspects of interaction between pearl
millet, (Pennisetum glaucum (L.) R.Br) and its fungal parasite downy mildew,
(Sclerospora graminicola). There are three sections in this introduction chapter; in Section
1.1, T have reviewed various crop diseases caused by fungi and their impact on agriculture
and the conventional and biotechnological strategies to control some of these diseases. In
Section 1.2, I have attempted to summarize the information about downy mildew of pearl

millet and Section 1.3 portrays the genesis of my work.

1.1 Fungal Diseases: an important factor affecting crop productivity

The significance of a particular outbreak of fungal disease is based on its magnitude and
the events leading to the losses can be understood by conducting virulence studies. Some
examples of the major classes of fungal pathogens and their interacting hosts include
lettuce-Bremia lactucae, tobacco-Phytophthora parasitica, grass species-Magnaportha
grisea, tomato-Cladosporium fulvum and barley-Rhyncosporium secalis (Crute, 1985; de

Wit, 1995; Hulbert and Michelmore, 1988).

In the Indian context, several cases illustrate how fungal diseases affect crop productivity.
For example, foliar blights and scab of wheat have been intensified due to the rice-wheat
cropping system in north-west India resulting in outbreaks where up to 36 % yield has
been lost (Singh and Srivastava, 1997). Powdery mildew, which occurs in North Western
parts of India and hilly regions, attacks both wheat and barley and causes enhanced losses
ranging between 5-50 %. Rhyncosporium secalis, an imperfect fungus, is the causal agent
of barley leaf scald, killing the host cells as a source of nutrients and causing losses in
several parts of the world. The filamentous heterothallic ascomycete, Magnaporthe grisea,
causes blast disease on more than 50 different graminaceous species including rice, finger
millet and weeping love grass. Sheath blight, one of the potentially serious diseases caused
by Rhizoctonia solani Kuhn that reduces the grain yield of rice, maize and other cereals,
has been reported in many countries and causes yield losses to the extent of 11-97 %
(Saxena, 1997). In India, this disease is found to occur in Uttar Pradesh, Kerala, Andhra
Pradesh, Kashmir and Tamil Nadu (Laha et al., 2000). Blast, caused by Pyrcularia grisea,

is a major disease of rice as it causes serious damage in upland as well as irrigated regions



under high fertility levels and congenial environmental conditions. Foliar diseases like
downy mildews and leaf rusts have caused extensive economical damage to maize in South
East Asia where the area is under maize-rice rotation, thereby affecting valuable tropical
and sub-tropical germplasm (Saxena, 1997). Grain mold is the most important disease of
sorghum incited by non-specialized fungi of several genera including Fusarium,
Curvularia and Phoma. It is present in all sorghum-growing areas of the world where it
reduces both quality and quantity in the range of 30-100 % of the crop (Singh and Thakur,
1995).

(i) Conventional strategies to control fungal attack on crops

The high rate of growth in the 1980s world cereal production has been attributed to the
worldwide adoption of the Green Revolution. The latter has marked the widespread use of
specific disease resistant cultivars and cultural practices that enhanced the crop
productivity. The availability of resistant cultivars, together with fungicides, cultural
practices and biological control methods have provided opportunities for effective
management of the fungal diseases and the brief information of each approach is as

follows:

Host-Plant Resistance: Host plant resistance has always been among the most important
biologically based methods of plant disease management. Factors that influence resistance
expression in plants are: genetic nature of resistance, cropping systems, variability in
pathogen population, and weather factors. In grain mold of sorghum, three mechanisms of
resistance — grain hardness, lax panicles and glume coverage - have been combined in
agronomical elite cultivars to provide resistance. Host plant resistance is less stable in
cases where the pathogen is highly variable. For example, soil borne pathogens are
normally less wvariable than air-borne pathogens, and pathogens, which reproduce
asexually, are less variable than those that reproduce sexually. Similarly, weather
conditions that are favorable for pathogen survival and disease spread, influence host
growth and resistance expression, and the resistance does not hold under high inoculum
pressure (Thakur, 2000). Success also depends on the genetic differences among the
cultivars planted in given areas. Open pollinated varieties are highly heterogeneous, though
not disease free, since they do not develop the disease in epidemic proportions for several
years. Wild species are another source for improvement of host resistance. Using the rice-
wheat rotation as an example of host resistance measure, increased emphasis is placed on

developing cultivars adapted to adverse conditions such as heat and cold tolerance,



earliness, tropical diseases, water logging resistance and also to drought tolerance where

there are distinct wet and dry seasons (Khush and Baenziger, 1998).

Fungicides: Several cases have proved that a combination of fungicides is required for
successful disease control. For example, wheat seed is treated with difenconzole plus
metalaxyl for protection against infection of germinating seeds and young seedlings from
Rhizoctonia and Pythium species respectively (Cook, 1998). This early protection
improves seedling vigor, which can also set the final yield potential. Seed treatment with
Triademinol and treatment with systemic fungicides reduces the extent of powdery mildew
of wheat in many environments (Everts and Leath, 1993; Melikova, 1991). In maize, single
spray application of Thiobendazole has reduced the banded sclerotial disease effectively
and has led to a significant effect on yield parameters such as grain weight, average
number of cob per plant and grain yield (Lal et al., 1985). Another observation is that the
efficacy of fungicides is dependent on host cultivar (Sinha, 1992).

Cultural practices: Management of disease can be done by adjusting of sowing time, deep
ploughing to escape soil borne diseases, intercropping, removal of collateral hosts and
strategically cleaning seeds. It has been found that location specific sowing schedule of
maize could help the crop to escape disease caused by Claviceps (Virk et al., 1981).
Soybean crop is sown at such a time that the peak humidity during reproductive phase is
avoided (Thapliyal and Singh, 1997). Deep ploughing helps to bury the sclerotia deep in to
the soil reducing the soil surface primary inoculum. Intercropping of maize with legumes
especially with soybean reduced pathogen activity in soil (Lehman et al., 1976). Lee et al.
(1989) have found that by maintaining the maize population at an appropriate level and
applying cattle compost before planting decreases the disease level and subsequent spread
of Rhizoctonia solani in field. Small scale cleaning sclerotia from some cereal seeds can be
done using 10 % common salt (Nene and Singh, 1976) while large scale cleaning can be
done by various mechanical separators (Chahal et al., 1994). Lower planting densities and

improved spacing promote better aeration of foliage and is less conducive to disease.

Biological control: The use of plant-associated microorganisms has shown some potential
for management of several important plant diseases especially those caused by bacteria
(Kerr, 1980) and fungi (Chen et al., 1996). Success depends on the ability of the introduced
strain to: (a) colonize the rhizosphere, (b) produce an antibiotic, enzyme, and/or elicitor,
(c) display systemic acquired resistance to prevent infection or (d) suppress disease

development. Several projects in Asia are testing an aerosol spray method for application



of bacteria to foliage for biological control of rice sheath blight caused by Rhizotonia
solani AG1 and the results have been encouraging (Chen et al., 1996). Research in
Australia has demonstrated the potential for the use of antibiotic-producing bacteria
introduced on the seeds of wheat to manage root diseases, particularly the take-all disease
(Cook, 1993). Extensive work on soil application of Trichoderma and Gliocladium
preparations has documented that fungi can be effectively controlled for several seed rot

and seedling diseases of groundnut, chickpea and maize crops (Mukopadhyay, 1996).
(ii) Modern biotechnological approaches to control fungal pathogens

In recent years, promising protocols for transformation and regeneration of crops have
been established which enabled the introduction of single genes for disease and insect
resistance (Shimamoto et al., 1989; Christau et al., 1991). The technology allows the
transfer of resistant traits into plants without altering their intrinsic properties. Emerging
strategies to control fungal diseases pursue two approaches. The first one focuses on the
production of antifungal compounds in transgenic plants that directly affect the fungus, i.e.
antifungal proteins and toxins. For example, genes coding for chitinase have been
introduced into rice (Lin et al., 1995) where they impart resistance to sheath blight, a
serious fungal disease. The second approach aims at the generation of plant responses
leading to cell death upon pathogen infection. Systemic acquired resistance in susceptible
plants to virulent pathogens has been achieved by the increased expression of chitinase by
the introduction of a chitinase transgene (Broglie et al., 1991). There is also the prospect of
combining transgenes for production of chitinase, B 1,3-glucanase as cell wall degrading,
pathogenesis related (PR) genes and/or ribosome-inactivating protein which inhibits
growth by inactivating ribosomes of foreign species like those from fungi, to confer a
greater level of resistance (Jach et al., 1995). Another group of antifungal proteins is the
small cystein-rich proteins called defensins, for example, Rs-AFP2 is an antifungal protein
from Raphanus sativus in transgenic tobacco plants which showed enhanced resistance to

Alternaria longipes (Broekaert et al., 1995).

The first report on transgenic plants constitutively producing a single pathogenesis related
(PR) protein with in vitro antifungal activity has been on a tobacco PR3 protein (class I
chitinase). These plants however have not shown a significant difference in susceptibility
to the pathogen, Cercospora nicotianae (Neuhaus et al., 1991) suggesting that class I
chitinase alone is unable to bring about resistance in planta. Since then a number of reports

dealing with fungal resistance of transgenic plants constitutively expressing chitinase or



glucanase classes of PR genes have been released, with enhanced resistance in many cases.
Recently, a number of reports have appeared in which constitutive co-expression of PR2
and PR3 genes has resulted in an increase in resistance against several fungi, which
explains synergy between the two gene products and between antifungal proteins both in
vitro and in planta (Kumar and Ziegler, 2000; Cook 1998; Khush and Baenziger, 1998).
Though most tests have been performed under greenhouse conditions, reports of successful
field trials with plants containing single PR gene products have been notably a hybrid
endo-chitinase in canola (Grison et al., 1996) and a tobacco PR5 gene in carrot (Stuiver et
al., 1996). Plants can also be engineered to produce antibodies to inactivate the molecules
that are necessary for pathogens to successfully infect plants. For example, when the hen
egg white lysozyme (HEWL) is expressed in transgenic potato and tobacco plants,
antimicrobial activities to several bacteria and fungi like Botrytis cinerea, Verticillium
albo-atrum and Rhizotonia solani are observed. However, with this biotechnology
approach, fungi containing mainly chitosan or cellulose in their cell wall are not inhibited
in their growth. Engineering plants to produce phytoalexins upon fungal infection is one of
the strategies used to obtain fungal resistance, as these compounds are produced in plants
after pathogen attack and abiotic stress. Interfering in the phytoalexin synthesis has been
difficult as the pathways are complex. Studies on tobacco-Botrytis cinerea reported that
engineering the plant stilbene synthase gene for production of a stilbene-type of
phytoalexin resulted in increased resistance to the fungal pathogen (Khush and Baenziger,

1998).
(iii) Molecular breeding of crops for sustainable resistance against fungal diseases

Plant breeding has three phases namely introduction of genetic variability, selection of
useful recombinants, and evaluation of selected recombinants in diverse environments to
identify new cultivars and their area of adaptation. Where rare, specific traits are needed,
the use of wild relatives (Jiang et al., 1994) in backcrossing programs and genetic
engineering (Dale et al., 1993) will become increasingly important as they increase genetic
variability for selection. Diversification and broadening of the genetic base of crops is
being pursued by introgression of genes from primary, secondary and tertiary gene pools to
achieve multi-stress resistances, hybrid vigor, physiologically efficient plant types and
enhancement of yield potential. Of course the success is dependent on availability of a
suitable recurrent parent or recipient line for the transferred gene(s). These lines are
invariably developed from the progeny of elite crosses. Use of selection nurseries that

magnify the differences among genotypes in a breeding program is another approach. In



this aspect, there has been a trend towards mapping genes of interest in the crops with goal
of tagging the genes for eventual use in Marker Aided Selection (MAS). Detailed maps of
related crops provide a valuable tool for the location of important genes and become more
applicable as the density of the maps improves. In rice, QTLs for blast and bacterial blight
resistance have been tagged and pyramided into an improved varietal background through
MAS). In case of wheat, tagging of genes for disease and herbicide resistance are
underway to maximize wheat rotational systems (Reide and Anderson, 1996). Markers

linked to Fusarium wilt resistance in chickpea are also available for use in MAS.

Numerous breeding lines with desired characteristics have been developed and are being
evaluated in replicated yield trials (Khush and Baenziger, 1998). In rice, many crosses
between elite breeding lines and wild species have been accomplished through embryo
rescue technique. Similarly, genes for disease resistance have been transferred from several

wild species into cultivated rice (Jena and Khush, 1990).

Another strategy to increase yield potential is the exploitation of heterosis. Rice hybrids
with a yield advantage of about 10-15 % over inbred varieties have been introduced in
China in the mid-1970s and are now planted to 45 % of the riceland in that country. Rice
hybrids adapted to tropics have now been planted in India and show a similar yield
advantage. It has been found that the magnitude of heterosis depends upon the genetic

diversity between the parents of the hybrids.

Presently, the complete evaluation of a crops’ genome for agronomic performance requires
a tremendous effort (laboratory, field and statistical) that only a few crosses (far too few
for a breeding program) can be thoroughly analyzed (Tinker et al., 1996). However, it is
certain that all approaches, including conventional as well as biotechnological will be

utilized to increase the resistance and yield potentials of crops.

1.2 Pearl Millet — Downy Mildew System
(i) The host pearl millet, Pennisetum glaucum (L.) R. Br.

The common names of pearl millet are bulrush millet, bajra and bajri (King and Thakur,
1995) and Figures 1 and 2 represent a typical healthy crop. It is an important crop
providing staple diet for people living in large areas of the semi arid tropics in Affica,

Middle East and South East Asia and as a forage crop in the USA.



Figure1 Healthy panicles of pearl millet, photos taken at ICRISAT,
Patancheru, India.

In terms of annual global production, it is the sixth most important cereal crop, after wheat,
rice, maize, barley and sorghum (FAO, 1992). Pearl millet and other millets are more
important than statistics indicate because in areas where they are grown for food, these are
the only crops people can grow as a source of energy and protein. Pearl millet can grow in
a wide range of agro-climatic conditions, ranging from the tropics to hot areas of temperate
zones. Its capacity to grow and yield reasonably well on sandy, marginal soils, or in soils
of low pH, high salinity or low fertility, makes it a staple food crop in many low input,
drought prone, agricultural areas of African and Asian countries. In addition, under
unfavorable environmental conditions it has the potential to perform better than other
cereals, such as wheat, rice, maize or sorghum, with respect to grain and fodder yield
(Govila, 1993). It is grown primarily by subsistence farmers in marginal areas where the
annual rainfall varies between 250 mm to 800 mm. Nutritionally superior to rice and
wheat, pearl millet is commonly baked as unleavened bread, or cooked as thin or thick

porridge.



Figure 2 Pearl millet field with healthy hybrids at ICRISAT, Patancheru, India.

In India, pearl millet is the principal grain and fodder crop in Rajasthan accounting for
45% of total Indian crop. Other states where this crop is also grown are Maharashtra,
Gujarat, Uttar Pradesh, Haryana, Andhra Pradesh, Karnataka and Tamil Nadu (Indian
Agricultural Statistics, 1973-74). In Africa, the pearl millet crop is of most importance in
the Sahel where each of the seven countries in this region grows about one million ha or
more pearl millet annually. Table 1 shows the production of pearl millet in the world and

different continents.

Table1  Worldwide production of pearl millet in 1994 (FAO, 1995).

Crop Region Area Yield Production
(x 1000ha) (kg ha™) (x 1000MT)
Pearl millet World 37710 689 25982
Africa 18214 591 10 758
Asia 17 709 800 14 169
South America 37 1432 53
USA 150 1200 180
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(ii) The Pathogen downy mildew, Sclerospora graminicola causing downy mildew in

pearl millet.

The four major diseases that cause economic losses to pearl millet are downy mildew
(Sclerospora graminicola), ergot (Claviceps fusiformis), smut (Tolysporium penicillariae)
and rust (Puccinia substriata var. indica). Among these, downy mildew is more
widespread and devastating than others and has caused losses in the range of 20-80 %.
Compared to rusts and powdery mildews, research on this fungus is limited due to
difficulties faced in maintaining it on living host plants, long term storage of viable
sporangial inoculum, infection with oospores, diploid status of the mycelium and spores,
recovery of progeny from oospores and heterothallism (a phenomenon in which sexual

multiplication of the downy mildew takes place in presence of two mating types).

Sclerospora graminicola (Sacc.) Schroet can infect young tissue in plants causing downy
mildew in the main shoots when plants are young; in tillers when the crop is older by
means of sexual reproduction (oospores) and by asexual reproduction (sporangia and
zoospores). Figure 3 shows a green ear of systemically infected pearl millet shoot while
Figure 4 depicts advanced stages of necrosis with the browning and drying of the ear in
complete plants of pearl millet in field. Once a shoot or tiller is infected, no grain will be
produced because of the inflorescence phyllody that has given this disease its local name

‘green ear‘ (Ball and Pike, 1983).

Figure3 Downy mildew disease of pearl millet green ear with sterile inflorescence.
Photo taken at ICRISAT, Patancheru, India.
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Typical symptoms of downy mildew infection on pearl millet begin with chlorosis at the
base of the leaf, called ‘partial leaf” symptom (Williams, 1984), which gradually covers a
greater number of leaves until the entire leaf is chlorotic. Asexual sporulation occurs in
favorable conditions on the abaxial side of infected leaves, leaving a fine white powder of
spores, hence the name downy mildew. Systemically affected pearl millet plants bear no
panicles, instead produce leafy growths as depicted in Figure 3. Eventually, the green ear

becomes brown and full of oospores of the pathogen as shown in Figure 4.

Figure 4 Downy mildew diseased plants in ICRISAT fields, Patancheru, India.

The disease cycle of downy mildew on pearl millet includes a sexual and an asexual phase
as depicted in Figure 5. The seed or soil borne inoculum acts as a primary inoculum source
to initiate the expression of the disease in a host population, resulting in infection of
seedlings. Severely infected young seedlings mostly die within 30 d without producing

oospores. Plants which express disease symptoms about 20 d after sowing due to soil borne
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oospores, seed borne inoculum, or secondary infection by airborne sporangia
(Reddy, 1973; Subramanya et al., 1982), produce millions of sporangia during earlier
growth phases.

Symtoms in infected
plants appear when

systemically colonized Secondary infection-sporangiophores
tissues grow out and and sporangia produced on diseased plants
unfold A

(A I
MR AN
i

Sporangia released -TE_.’.u'.

from sporangiophores s 9 Systemically
T | diseased plants
Vi :; g % 7 produce
I 3 f,,f Ve malformed
E"*« e i v rrlﬁl sterile
| i ; ' inflorescence

I
W _“ry Zoospores emerge from
""-L‘ “:,“__::l . # sporangia to infect tillers :

A !I i 9f p(lla}nts of ;ei:((lihngs /-’Jf Abundant oospores
= el in adjacent R produced in diseased
ﬁlg & tissues if compatible

Seedlings infected 4 4k mating types

by zoospores or oospores
in soil or oospores and
mycelium in the seed

pathogenic isolates
come together — display
of heterothallism

Primary infection-oospores released
to environment during threshing
and/or decomposition of diseased tissues

Figure 5 Disease cycle of downy mildew taken from the following reference with
some changes: Shetty HS (1987) Biology and epidemiology of downy
mildew of pearl millet. In: Proceedings of International Pearl millet
Workshop, 1986. Patancheru, India: ICRISAT, pp 147-60.

(iii) Sclerospora graminicola pathogen alters rapidly and dramatically

The introduction of potentially high yielding hybrids into India in the late 1960s led to
mass planting of homogenetic material over large areas. Reportedly, these hybrids have a

common, downy mildew susceptible, female parent that has been introduced from Tifton,
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Georgia, USA where downy mildew is of no relevance (Murty et al., 1983). By 1971, over
2 million ha out of a total of 12 million ha had been planted as hybrids when the first of
several downy mildew epidemics occurred (Andrews et al., 1985). At this time, neither
fungicides nor effective resistant cultivars were available (Singh et al., 1997).
Unfortunately, the susceptible hybrids continued to be cultivated despite their known
susceptibility to downy mildew (Pokriyal et al., 1976). As a result, there have been three
consequences of resistance breakdown: withdrawal of several hybrids, yield reductions and
an increase in pathogen inoculum. In India, a major epidemic occurred in 1971-76, the
resultant oosporic build-up in the fields posed a major threat to the survival and
continuation of local and hybrids, which were previously considered highly resistant
(Singh et al., 1986). Losses of 10-60 % have also been reported in African countries such
as Africa, Nigeria (King and Webster, 1970), and Tanzania (Doggett, 1970).
S. graminicola is a highly variable pathogen and exhibits geographic variability (Ball et
al., 1986, Singru et al., in press). Great heterogeneity is found within populations between
seasons and single oospore isolates in India (Thakur and Shetty, 1993) and Africa

(Ball, 1983) suggesting that the pathogen has potential to alter rapidly and dramatically.

Changes in downy mildew isolates in India and Africa, from the 1970s have been
characterized phenotypically (Ball, 1983 and Thakur, 1992) and there has been only one
report (and one in press) related to genetic differences based on fingerprinting data using
mini- and micro-satellites (Sastry et al., 1995). The molecular data of pathotyping is
considered to be more precise and reliable than biological pathotyping, as it is not
influenced by environmental factors (Jeger et al., 1998). The genetic diversity in pathogen
population is an important consideration in planning disease management strategies.
Today, ICRISAT conducts regular surveys to assess the impact of downy mildew on pearl
millet through most of the pearl millet growing regions of India (Rao et al., 2000). There
are several examples of occurrence of variable pathotypes in India where about 40% of the
pearl millet crop is sown as hybrids (Singh et al., 1993). These pathotypes have been
detected on the basis of differential reactions using hybrids and inbreds (King et al., 1989;
Thakur and Shetty, 1993). Michelmore et al. (1982) have reported that S. graminicola is
heterothallic with two compatible mating types, namely PT 2 and PT 3. Idris and
Ball (1984) have confirmed this by investigating some isolates from India and Africa. The
high genetic variability leads to rapid selection and adaptation to new host genotypes, as
demonstrated by selection of asexual generations from a field population developed for

host genotype specific virulence (Thakur et al., 1992, Sastry et al., 2001). Data by Thakur
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and Rao (personal communication) indicates that differential host-pathogen interactions
and distinct groupings of pathotypes and genotypes occur. High genetic variability for
virulence accounts for the ability of the pathogen population to adapt to new, uniform host
genotypes, such as F1 hybrids (Singh et al., 1993). When such constraints are put on the
system, features usually present in minor quantities emerge as a result of selection
pressure. The alterations in frequencies of particular elements within the pathogen
populations could have been responsible for intercontinental differences between Indian
and African spore collections recorded (Ball et al., 1986). Differences in nuclei number
and size of sporangia in two different pathogenic races have been reported (Shetty and

Ahmed, 1981).
(iv) Geographic distribution and economic importance of S. graminicola

Although downy mildew is prevalent in temperate and tropical areas of the world,
including the Middle East, Africa, and Asia (Safeeulla et al., 1976), it has been originally
reported as being a problem only in low lying, poorly drained areas where heterogeneous
land races were being cultivated and so the disease attracted little attention (Butler, 1918).
Today, S. graminicola is found in most tropical and subtropical regions where pearl millet
is cultivated (Williams, 1984). It is found in countries namely Burkina Faso, India,
Malawi, Mozambique, Niger, Nigeria, Senegal, Tanzania, Zambia and Zimbabwe where
pearl millet is grown on a commercial scale (Chahal et al., 1994). The causal organism of
this disease has been reported on different graminaceous hosts in other countries such as
China, Fiji, France, Germany, Hungary, Iran, Israel, Italy, Japan, Netherlands, Romania,
Russia, Spain, and USA (Safeeulla, 1976). The pathogen also infects maize and sorghum,

and is found in the 51 countries represented in Table 2.

In India, S. graminicola has been first reported on pearl millet by Butler in 1907 but downy
mildew did not become a serious problem until after the widespread cultivation of hybrids
in late 1960s. Yield losses from 6 to 60% have been reported from India, Mozambique,
Nigeria and Tanzania (Doggett, 1970; King and Webster, 1970; Mathur and Dalela, 1971;
AICMIP, 1971). Between 1962-1964, the monetary loss due to downy mildew in
Rajasthan, India is reported to be 20 million rupees each year (Safeeulla, 1976). India has
suffered up to 60% losses on the hybrids during the epidemic years (AICMIP, 1972-87).
The most popular hybrid in 1973, HB-3, devastated one million ha in India causing 10-
45% loss in various localities. In 1983, BJ 104 losses caused the same magnitude of loss

(Thakur et al., 1992). This disease affects the grain yield, extensive damage to vegetative
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parts of the plants, making the infected crop unfit for use as fodder. In severe cases, it has

wiped out the entire crop causing complete loss.

Table 2 Countries from which S. graminicola has been reported (Jeger et al.,
1998).

Region or continent Country

Africa Burkina Faso, Chad, Egypt, Ethiopia, Gambia, Ghana, Ivory
Coast, Malati, Mali (N’Diaye, 1995), Mauritiana (Frison and
Sadio, 1987), Mozambique, Niger, Nigeria, Senegal, Sierra Leone,
South Africa, Sudan, Tanzania, Togo, Uganda, Zimbabwe

Asia China, Hong Kong, India, Iran, Israel, Japan, Kazakhstan, Korea,
Pakistan, Taiwan, Yemen

Oceania Fiji, Hawaii

Europe Bulgaria, Caucasus, Czech Republic, France, Hungary, Italy,
Netherlands, Poland, Rumania, Spain, Switzerland, Yugoslavia

North America Canada, Mexico, USA

Central America Puerto Rico,

South America Argentina

Unless otherwise indicated, all reports were obtained from CMI Distribution Maps of Plant
Diseases, Map no. 341, Edition 2, Issued 1 October 1979.

(v) Measures employed to control downy mildew

Host Plant Resistance: Genetics and inheritance of resistance are better understood for
downy mildew (Singh and Talukdar, 1998) than for other diseases of pearl millet.
Resistance to pearl millet downy mildew is reported to be dominant over susceptibility and
is probably controlled by few genes (Thakur et al., 1992; Singh, 1995). Use of
homozygous sources of resistance and susceptibility combined with precise infection
techniques are underway to study genetics and inheritance of resistance while recovery
resistance may be applicable in certain cases (Singh and King, 1988). Induced resistance,
whereby a plant becomes resistant by pre-exposure to a low level inoculum may have a
practical value (Kumar and Andrews, 1993). Landrace improvement (including local
varieties) is an important option for improved cultivars of pearl millet. Introducing elite

germplasm can enrich genetic variation of pearl millet landraces or germplasm from other
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landraces growing under conditions similar to those of the target area. On the other hand,
commercial production of pearl millet is made possible by good cytoplasmic male sterility
(CMYS) systems. Gene deployment can also be used through reduction of pathogenicity if
the host specific to the oospore population is withdrawn over time of cultivation. The
development of DNA markers has enabled genes contributing towards complex traits such
as disease resistance and tolerance to adverse abiotic conditions, to be mapped using
quantitative trait locus (QTL) analysis (Hash et al., 1997). In pearl millet, gene pyramiding
is being implemented to obtain downy mildew resistant cultivars in combination with

drought tolerance though transgenesis has not been attempted so far.

Chemical control: Metalaxyl as a foliar spray fungicide can still be used effectively for
downy mildew disease control if the method of application is carefully worked out as the
degree of control depends on the rate of application and level of varietal susceptibility. It is
used to protect the pearl millet varieties in farmer’s fields. Seed treatment is useful for
commercial seed production and for small-scale farmers growing traditional and often
susceptible cultivars. Combination of metalaxyl with other fungicides and with other

management steps will ensure longevity of chemical control.

Cultural practices: Of the many cultural practices known such as crop rotation, early
planting, seed sanitation, control of nitrogen, phosphorous and zinc levels in soils (Singh
and Agarwal, 1979) and rouging, the latter is most recommended along with other control
measures. Rouging has beneficial effects of reducing the source of spores within-season
(asexual spores) and between seasons (sexual spores). It can also be applied to weed hosts
to reduce the sources of external inoculum (Jeger et al., 1998). Interestingly, cultivation of
a highly susceptible pearl millet variety between cropping seasons to control pearl millet
downy mildew has been suggested (Thakur, 1992). The trap crop should be harvested as
soon as the symptoms appear and before the production of oospores. However, this has
been a limitation if the region has a short rainy season and low quality of farmland.
Another important cultural practice followed is early sowing in semi-arid areas to avoid
risks associated with lack of water and with insect pests. Plantation of 20-day-old seedlings
has resulted in less downy mildew infection and 50% higher yields for both susceptible and

resistant cultivars (Rao et al., 1987).

Biological control: Under experimental conditions oospores of S. graminicola were
effectively killed by parasitism by Fusarium semitectum as reported by Rao and

Pavgi (1976). In 1998, Umesha et al. reported the use of Pseudomonas fluroscens as
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biological agent of downy mildew of pearl millet in greenhouse and field conditions. P.
fluroscens was used as foliar spray and also in seed treatment. The combination of the two
brought significant disease reduction. Also, the potential of Trichoderma harazianum and
Chaetomium globosum has been demonstrated. It has been suggested to supply a
formulation of P. fluroscens to farmers for sowing; further follow up studies are needed for

the promotion of such a product.
(vi) Sources of resistance

In case of pearl millet, the first official release of a heterogeneous top-cross hybrid cultivar,
Jawahar Bajra Hybrid-1 (JBH-1), has taken place in Madhya Pradesh, India (Chauhan GS,
personal communication, 1996). Among the sources of complete resistance released in
Africa (Singh et al., 1992), viz. IP 18292, IP 18293 etc., none has continued to be disease-
free at all test sites and under all screening conditions. Some of the products of ICRISAT
Pearl millet Improvement Program’s recurrent selection project have been released for
cultivation by national program in India, after they showed an ability to combine high yield
stability and downy mildew resistance during several years of multi-locational trials
(Williams and Andrews, 1983). These are WC-C75, ICTP 8203, ICMH 451 and Pusa 23
and male sterile line like ICMA 1 and ICMA 841 that are being grown over large areas in
India. Several open—pollinated varieties are being grown in various countries in Africa.
Some DNA markers have been identified for downy mildew resistance loci on several
linkage groups with varying effects against different pathotypes of S. graminicola (Hash et
al., 1997). Using DNA marker technology, downy mildew resistance genes are being
transferred from P 7-3, P310-17, IP 18292 and some other elite breeding lines to develop
hybrids with known resistance genes (Hash et al., 1997). A 1995 survey conducted in the
pear millet growing areas at India has revealed that 37 cultivars (6 open—pollinated
varieties, 30 single—cross hybrids and 1 top-cross hybrid) are being grown. Some cultivars,
e.g., Pusa 3 are used extensively, while others have limited use, but all are being grown to
serve as a ‘cultivar mosaic’ pattern in the field. This provides a high degree of

heterogeneity in any given area.

Due to the heterogeneity in the pathosystem and the growth of genetically uniform single-
cross F1 hybrids, namely the CMS Tift- 23 A from USA, a wide spectrum of pathogen
virulence and host susceptibilities have occurred and this has to be avoided in future. Since
1995, though there have been reports of downy mildew occurrence in a few single—cross

hybrids as these were cultivar—specific and field—specific (the same cultivar grown 1 km



18

away had no or little disease), epidemics have not taken place (Singh et al., 1997). High
yield losses due to downy mildew seldom occur where heterogeneous landraces and
improved open pollinated cultivars are grown. This is because the landrace varieties have
developed genetic resistances, which operate best in the natural varietal state of a random
mating population. Molecular techniques will be potentially useful in identification of
resistant and superior genetic material and efforts are underway to tag resistance genes of

these hybrids (Hash et al., 1997).

1.3 Focus of my thesis in context to pearl millet downy mildew
interaction

In my thesis, I have focused my work on three aspects namely:

1)  Understanding the genetic variability of the Indian pathogenic isolates of downy

mildew, highlighting the basis of genetic changes rendered by the host on S. graminicola.

2)  Revealing the presence of a retrotransposon, also known as repetitive DNA elements,
in downy mildew, yielding a putative active element that is expressed in compatible host —

pathogen interaction.

3)  Unraveling the response of the host to infection, as determined by two approaches:
(a) by northern analysis of vital defense-related RNAs and (b) by DDRT (differential
display reverse transcriptase) for simultaneous identification of up and down regulated

genes.

I used AFLP as a molecular tool to resolve genetic differences between 19 isolates of
downy mildew from different geographic locations where pearl millet is grown. P5 retro
element-like sequences were isolated from the Agtll library of S. graminicola to study
their distribution among 5 diverse host specific pathotypes. In this investigation, I also
tried to study the role of P5 in compatible and incompatible pear millet-downy mildew
interactions in nature. The DDRT -PCR (Differential Display Reverse Transcriptase PCR)
approach was implemented to unravel the underlying mechanisms in the process of
infection and the interplay of signaling between host and pathogen. I also tried to elucidate
the role of certain defense-related genes namely PAL (Phenylalanine ammonia lyase),

lipoxygenase, chitinase in resistance of pearl millet to downy mildew.
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2.1 Introduction

The long-term effectiveness of disease resistance genes in cereal crops is dependent on the
rate at which isolates with virulence to host resistance increases and becomes prevalent in
the pathogen population. Genetic diversity and population structure of the pathogen
influence the speed with which new types of virulence are selected and incorporated into
pathogen population as a whole. In consequence, durability of disease resistance is likely
to break down if the pathogen population is genetically diverse or if rates of mutations are

high (Katiyar et al., 2000).

There are several examples of genetic heterogeneity among pathogens and its role in
disease resistance. Researchers studying the genetics of soil-borne phytopathogenic fungus
Rhizotonia solani have demonstrated the existence of mating types and heterokaryosis as a
means of variation that resulted in infliction of high yield losses to vegetable and field
crops, turf grass and ornamental fruit and forest trees (Julian et al., 1999). Similarly,
variations at the genetic level have revealed heterogeneity between species and isolates of
the complex genera Colletotrichum. Distinct lineages of Pyricularia oryzae and
Colletotrichum which affect common bean are produced by asexual reproduction that
cause differences in pathogenic variability at the genetic level which can be analyzed by
molecular techniques (Gonzalez et al., 1998). Changes in Puccinia graminis races in wheat
in Canada, from the start of the surveys in 1919 to the mid-1960s, have been characterized
by a succession of races that originated from different asexual clusters. Factors such as
introduction of single resistance genes into cultivars, highly related virulence capabilities
of the isolates and greater frequencies of virulent isolates have been the causes for short-
lived resistance in winter wheat, spring wheat and oat to P. graminis and other respective

rust species (Mansfield et al., 1997).

In Fusarium wilt of chickpea, seven races have been reported throughout the world based
on their differential reactions to separate host lines of chickpea. These races have been
found to be geographically variable, such as Race 0 is reported in California, Spain and
Tunisia, Race 1 is widespread in central India while Race 2 occurs in northern India
(Phillips, 1988; Haware and Nene, 1982). On the other hand, in case of Colletotrichum
lindemuthianum of the common bean, isolates belonging to common geographic isolates
have shown genetic similarity. In fields, where one main type of cultivar is grown for

several years, only single pathotypes are identified (Gonzalez et al., 1998).
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Molecular markers are being increasingly used to characterize fungal plant pathogen
populations in terms of genetic diversity and phylogenetic relationships within and
between species. Additionally, markers that are closely linked to avirulence genes are
being increasingly sought to assist map based gene cloning. Consequently, the
development of DNA markers using RFLP, RAPDs, SSRs etc. has initiated mapping of
genes contributing towards complex traits to be mapped using quantitative trait locus
(QTL) analysis (Jones et al., 1995). The advanced DNA fingerprinting method of
amplified fragment length polymorphism, AFLP (Vos et al., 1995) combines the power of
RFLP analysis with the flexibility of PCR based technology. The technical advantages of
AFLP over other fingerprinting methods are: (1) AFLP markers are neutral and detect
variation over the entire genome (Majer et al., 1996), (2) The system is rapid and efficient
(Vos et al., 1995) and (3) AFLP fingerprints are reproducible and reliable. Primer
annealing is highly specific as primers are homologous to restriction site sequence and
adapter sequence. Also high annealing temperatures at the initial cycles of the PCR ensure
specificity as the primers differing in only one nucleotide or two nucleotides (e.g. E+A,
E+AG) in the extension step produce distinct banding patterns (Mueller et al., 1996; Majer
et al., 1996). Without prior knowledge of genomic sequences, AFLP can differentiate
highly related strains in accordance to existing taxonomic data (Janssen et al., 1996). A
few examples of the applications of AFLP among fungal pathogens are identification of
mating type genes (Julian et al., 1999), determination of sex locus in fungi to unearth the
mechanism of sex differentiation (Reamon-Biittner et al., 1998), clonality in fungi as
means to reproduction (Rosendahl and Taylor, 1997) and discovery of new species

involved in complex diseases (Baayen et al., 2000).

The downy mildew pathogen exists as populations in a field and hence prediction of
damage or warnings against epidemics to farmers is highly complicated. Variation in the
pathogen populations contributes to the understanding of pathogenesis and could answer
queries of the pearl millet-downy mildew interaction. Our group has in the past attempted
to screen pathogen populations with microsatellite and RAPD markers and to cluster them
according to their fingerprinting profiles (Sastry et al., 1995; 2001). In my study, I used
AFLP as a tool to detect variability among S. graminicola isolates from various
geographical parts of India The objectives of my experiments were to (i) develop an
efficient fingerprinting protocol for S. graminicola using AFLP, (ii) analyze the genetic
variation among different isolates and, (iii) classify them into representative groups

obtained by dendrogram and PCOA plot.
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2.2 Material and Methods
Description, maintenance and growth of fungal isolates:

The isolates that I selected belong to different geographic regions of India (Table 3), and
some were collected between 1997-1998 by Rao VP, ICRISAT.

Table 3 List of pathogenic isolates with given numbers, names and geographic

origins.

Lane No.  Isolate Host Geographic origin
1 NHB3 Six host genotypes maintained on respective host genotypes
2 BI104 by repeated inoculation with asexual spore in isolation

chambers in green house also called Path 1-6 (Thakur et al.,
3 MBHI110 1992).
4 852B
5 700651
6 7042S
7 Sg 32 HB3 Rahuri, Maharashtra
8 Sg 25 BK560 Bhadgaon, Maharashtra
9 Sg 26 Nath 4209 Veelad, Maharashtra
10 Sg 21 MLBH 104 Ghari, Maharashtra
11 Sg 48 7042S x HB3 Mysore, Karnataka
12 Sg 110 CO3 [Mlupanatham, Tamilnadu
13 Sg 139 Nokha local Jodhpur, Rajasthan
14 Sg152 Lokal Durgapur. Rajasthan
15 Sg 153 7042S x HB3 (AP) ICRISAT Patancheru, Andhra
Pradesh
16 Sg 88 GK 1006 Fatiabad, Maharashtra
17 Sg 140 Local Jamnagar, Gujarat
18 PT2
19 PT3 Mating type isolates

I maintained the pearl millet downy mildew pathogen isolates from Indian states of
Maharashtra, Rajasthan, Gujarat, Tamilnadu, Andhra Pradesh and Karnataka (Figure 6) on
seedlings of their respective host cultivar or on a susceptible cultivar 7042 S in isolated
chambers in greenhouses at ICRISAT, Patancheru. These isolates were multiplied through

asexual generations. Other pathogen isolates, Path-1 to Path-6 were differential host
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specific genotypes while pathogen isolates PT2 and PT3 were compatible heterothallic
mating types (Michelmore et al., 1982).
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Figure 6 Map of India illustrating Sclerospora graminicola (Sg) isolates collected
from the represented states of India. Map not to scale.

I adopted the method of harvesting zoospores as described by Singh et al. (1993): Leaves
were detached from infected 7042S plants and gently rubbed with cotton wool to remove
old sporangiophores. The washed leaves were placed in plastic chambers lined with moist
blotting paper and incubated at 20°C for 7 h. The incubators were programmed to lower

the temperature thereafter automatically to 5°C. The mature sporangia were harvested in
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tap water by gently brushing the leaf surfaces with a camel’s hair brush. This inoculum
was checked under a haemocytemeter and for further growth and maintenance of the
pathotype, the sporangial suspension was made to a concentration of 1x10° mL™. Potted
seedlings of respective host cultivar at coleoptiles—to-one-leaf-stage were inoculated by
placing a drop of this freshly prepared, chilled (0-4°C, stored on ice) suspension at the tip
of the seedling with a syringe. The room temperature for inoculation and overnight
incubation was 20°C. Downy mildew chambers were used as relative humidity could be
controlled to > 95% for increasing susceptibility of sporangial infection. The size of the
pots was 6 inches; the pots were kept on greenhouse benches in isolation chambers at 25-
30°C. The potting mixture used had components such as Alfisol, sand and farmyard
manure in a ratio of 3:2:2 (w/v) with a small amount of diammonium phosphate (DAP) at
1 gkg-' of soil. Seedlings were evaluated regularly for infection symptoms and to remove
uninfected plants. Infected plants showing clear symptoms of chlorosis and located distant
from each other were left in the pots to grow. Sporangia were harvested for DNA

extraction after the plants were approximately 3-6 weeks old.
DNA extraction

I carried out the fungal DNA extraction according to the method described by Sastry et al.
(1995). Sporangia were harvested from sporulating leaves in ice-cold sterile deionised
water and a pellet collected by centrifugation. The pellet was powdered in liquid nitrogen
and incubated with pre-warmed 5 volumes of extraction buffer (50 mM TRIS-HCI, pH 8.0,
20 mM EDTA, 0.5 M sodium chloride, 1 % sodium dodecyl sulphate) for 20 min at 65°C.
A 1:1 volume of phenol-chloroform (chloroform :isoamyl alcohol were in 25:1
proportion) was added and gently mixed, followed by centrifugation for 10 min at 12000 g.
The aqueous layer was further treated with equal volume of chloroform : isoamyl alcohol
(also in 25:1 proportion) and centrifuged. The nucleic acids were precipitated from the
aqueous phase by adding 0.6 volumes of isopropanol. DNA was spooled, washed in 70 %
ethanol twice, dried and dissolved in TsoE;( buffer (50 mM TRIS-HCI, 10 mM EDTA, pH
8.0). RNAse treatment and further purification was also followed. DNA dissolved in TjoE;
buffer (10 mM TRIS-HCI, 1 mM EDTA, pH 8.0) was checked for concentration (O.D.
260/280) and quality.

AFLP analysis

The protocol that I employed for AFLP analysis was as reported by Vos et al. (1995).
Research kit for AFLP of plant genomic DNA was from Life Technologies, USA and
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assays were carried out as described in the manual. Basically, 150-200 ng genomic DNA
was incubated with 1U EcoRI/Msel mix for 90 min at 37°C with 1X Reaction Buffer.
Digestion was followed by inactivation at 95°C for 2 min, the aliquot was distributed in
two equal parts for ligation. Solution containing equimolar concentration of adaptors as
given in the kit and T4 DNA ligase were mixed and incubated at 20°C for 2 h. The ligated
sample was diluted 1:10 and 2 pl was used for pre amplification with 8l pre-amplification
mixture, 1 U Taq polymerase (Promega Corporation, USA) and 1X buffer. Selective
amplification was carried out with 1:50 diluted preamplified mix, using [y 32_P] labeled
selectively modified Eco RI primer, selective Msel primer containing dNTP mix, 1 U Tag
polymerase, 1 X Buffer and AFLP grade water as described in the manual. Reaction cycles
were carried out in Perkin Elmer 9600 Thermocycler. The amplified samples were mixed
with 98 % formamide and xylene cyanol-bromophenol blue dyes, heated at 96°C for
5 min, ice cooled and loaded in continuation on 6 % polyacrylamide gel for pre run at
80 W according to the standard method described for DNA sequencing (Sambrook et al.,
1989). After electrophoresis, amplification products were viewed by autoradiography and

scored for polymorphism.

DNA sequences of Eco RI and Msel primers were as per the kit specifications. Selective
amplification was done with five Eco RI primers with two selective nucleotides e.g. E +
AC, E + TG etc. and seven Msel primers with three selective nucleotides e.g. M + CAG, M
+ CAA etc. I screened totally 14 combinations as described in Table 4 and just the clear

and unambiguous polymorphic bands ranging between 130—400 bp were scored.

Table 4 Eco RI and Mse I primer combinations (Life Technologies, USA) used
in the Amplified Length polymorphism analysis.

EcoRI Primers— |E + AC E+ AG E+ TG E+TC E+ AA

Msel Primers| M+ CAT M+ CTG M+ CAG M+ CAC M+ CTC
M+ CAG M+ CTC M+ CTG M+ CTC M+ CAA
M+ CTC M + CAT

M+ CTG

M+ CTA

M+ CAA
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I used pearl millet DNA from cultivars NHB3 and universal susceptible host 7042S as
controls in the AFLP reactions to avoid artifactual polymorphism from the plant DNA as
this is a sensitive technique and parts of leaf sections are often isolated along with
sporangia. It was endeavored to select only clear and unambiguous polymorphic bands

ranging between 130—400 bp for my study.
Data analysis

I manually scored each selected AFLP fragment as present (1) or absent (0) for each
pathogen isolate. The calculation of genetic distances was done according to the DICE

coefficient (Sokal and Michener, 1958) with the formula

2N,
GS=—"—
N, +N,

Where N y is the number of shared fragments between two pathogen isolates X and Y and

Ny and Ny are the total number of fragments present in isolates X and Y, respectively.

Based on the GS (genetic similarity) values, I performed a cluster analysis using the
UPGMA (unweighted pair group method of averages) procedure and the software package
NTSYS pc 2.0 (Exeter Software, East Setauket, NY). The dendrogram was drawn and
plotted with the help of consecutive commands SimQual with coefficient DICE, SAHN
with clustering method UPGMA, and TreePlot.

I obtained a graphical representation of the estimated genetic similarities between pathogen
isolates by principal coordinate analysis (PCOA) from NTSYS pc 2.0 based on the above
calculated similarity matrix as described by Gower (1966). The consecutive commands
Dcenter using the GS matrix as input, Eigen, and 2Dplot were used to generate the two

dimensional PCOA plot.

2.3 Results
Banding patterns of isolates using AFLP primer combinations

Reproducible bands were obtained by the analysis of 14 AFLP primer combinations and

totally 184 bands were polymorphic with an average of 13 bands per primer combination.
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The combinations E+ AC/ M+ CAA,E+ AA/ M+ CTC,E+ TC/M + CAC and E +
TG / M + CTG sets gave the most polymorphic banding patterns. One representative of
AFLP fingerprint is depicted in Figure 7 using E + AC / M + CAG primer combination. As
shown here, the patterns between the pathogenic isolates are polymorphic, revealing one

set of scorable fragments no.1 to 6.

Marker numbers 43, 49 and 58 from the primer combination E + AC/ M + CAA; markers
69, 76 and 77 from the E + TC/ M + CAC set; marker 162 from the E + TG/ M + CTG set
and markers 122, 130 and 134 from the E + AA/ M + CTC set exhibited notable
polymorphism as they could divide the isolates in a similar fashion as the dendrogram.
This limited set can be selected to determine the character/function related to host-
pathogen interaction, the loci linked to pathogenicity and virulence. Furthermore, fragment
numbers 9, 11, 12, 13, 19, 22, 40,41, 42, 43, 49, 58, 69, 76, 77, 95, 101, 105, 122, 130,
132, 134, 149, 152, 162, 175 and 182 could remarkably distinguish the isolates. These

belong to different primer combinations and the fragment sizes range between 250-450 bp.
Clustering of the isolates

Based on the dendrogram obtained using the similarity matrix resolved by the DICE
coefficient, the selected Indian isolates could be divided into two main clusters separated
by a threshold genetic distance of 0.54 (Figure 8). The first cluster includes subclusters of
the following isolates: subcluster of Path 5, Sg 25 and Sg 88; subcluster of Sg 110 and Sg
153; subcluster of Path 1; Sg 152 and Sg 139 and Path 3 distinctly. The second cluster
includes the following isolates that form subclusters: sub cluster of Path 6, Sg 32 and Sg 26
and subcluster of Sg 21, Sg 48, Sg 140 and PT2. Path 2, PT3 and Path 4 form single isolate
subclusters. Within the sub cluster, the isolates Sg 140 and PT2 show high genetic
similarity i.e. GS = 0.84.

The PCOA plot in Figure 9 shows the various isolates form two distinct groups (I and II)
with subgroups A and B in each (Figure 9). Group IA consists of mating type isolate PT2;
west Indian isolate Sg 140; Sg 48 from Karnataka and Sg 21 from Ghari region of

Maharashtra (similar to the subcluster in dendrogram analysis).
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A typical AFLP profile of the 19 isolates of Sclerospora graminicola (on
horizontal axis) using the primer combination E + AC, M + CAG (Life
Technologies, USA). The arrows point out to Markers 1 to 6. Refer to
Table 3 for description of the isolates. Lanes 1 to 19 represent various
isolates of S. graminicola as given serially in Table 3.
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Group IB includes the other known mating type isolate PT3, host genotype specific isolates
Path 2; Path 4; Path 6; Sg 32 from south west India, Rahuri and Sg 26 from Veelad (refer to
map in Figure 7). Group IIA involves isolates from geographically proximate regions in
Rajasthan, Sg 152 and Sg 139. Group IIB comprises of host genotype specific isolates Path
3; Path 5; Sg 25 from south western isolate Bhadgaon, Maharashtra; Sg 153 from
Patancheru (ICRISAT), Andhra Pradesh; Sg 110 southern isolate from Tamilnadu and Sg
88 from Fatiabad, Maharashtra. When I related the obtained figure to known information
on the isolates, it was realized that in the PCOA plot, the first coefficient classified the host
genotype specific isolates into two groups while the second coefficient separated the
isolates into two mating types. Geographically distant populations were also separated; for
example Rajasthan population of Group IIA was separated from the Maharashtra isolates
spanning groups IA, IB and IIB. The genetic variation was in accordance with the cultivars

from which the isolates were collected and from their characteristic virulence attributes.
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Figure 8 Dendrogram based on AFLP polymorphisms in 19 pathogen isolates of
Sclerospora graminicola of pearl millet by the unweighted pair group
method of averages (UPGMA). Genetic similarities were calculated using
DICE coefficient in the SimQual module of the NTSYS-pc 2.0, based on
the 184 band positions observed for 14 AFLP primer pairs.
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Figure 9  Differentiation of 19 downy mildew isolates by 2-dimensional Principal
Coordinate analysis (PCOA) based on genetic similarity calculation from
14 AFLP primer combinations.

2.4 Discussion

The classical pathotyping based on biological traits indicates the occurrence of diversity in
the fungal pathogenic populations of S. graminicola in aspects such as host specificity,
adaptation and virulence (Thakur et al., 1992). When biological pathotyping is supported
by genetic similarity, accurate information about the variation in aggressiveness of the
isolates in relation to each other and to the host can be secured. Previous studies by my
laboratory have explored adaptation of pathotypes to alternate hosts over asexual
generations using RAPD approach (Sastry et al., 2001), identification of repeatable
elements using restriction digestion (Sastry et al., 1997) and RFLP fingerprinting of the six
host specific pathotypes (Sastry et al., 1995). In RFLP, many different restriction enzymes
and combinations have to be used while RAPD assays are difficult to reproduce, since the
PCR conditions for RAPD are of low stringency and thus prone to variations. The PCR
conditions in AFLP analysis are high stringency based (Tyler et al., 1997; Vos et al., 1995)
and AFLP method advantageously requires only one restriction enzyme combination and
less amount of genomic DNA (150 ng) which can be competently organized with

sporangia collected from field isolates over long distances. My study has provided a
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successful method to find AFLP related markers for investigating the genetic diversity

among S. graminicola isolates.
Heterothallism supported by AFLP analysis

Several published reports have presented many fine points of breeding for disease
resistance in pearl millet and have emphasized the usefulness of information of genetic
structure of the host and pathogen populations for durable resistance against downy
mildew (Andrews et al., 1985; Hash et al., 1997 and Jeger et al., 1998). S. graminicola is a
self-sterile, heterothallic organism, needing oogonium and antheridium for sexual fusion
and the existence of two sexually compatible mating types, PT2 and PT3 is established
(Michelmore et al., 1982; Ball and Pike, 1983). In my analysis using AFLP, these mating
types fall in two distinct groups IA and IB as seen in the PCOA plot (Figure 9) and
subclusters of the dendrogram (Figure 8). Heterogeneity in terms of virulence and
aggressiveness has been previously reported among these isolates (Thakur and Shetty,
1993). Interestingly, it is yet to be known whether any other isolates have a similar genetic
basis for mating type ability or virulence. Three isolates namely Sg 21 collected from south
central part of India, Sg 48 from southwestern part of India and Sg 140 from western part
of India cluster with the PT2 mating type isolate in Group IA. Among these, Idris and Ball
(1984) have shown that Sg140 is sexually compatible and my AFLP data supports the view
that it is not an isolated occurrence. It will be remarkable to observe if the virulence
peculiarities of Sg 21 and Sg 48 isolates resemble PT2 (work in progress, Thakur et al.,
ICRISAT). The fine level subclustering observed among these isolates, however, may be
due to their dissimilar host origins (Table 3): for example Sg 21 is isolated from MLBH
104, a popular high yielding pearl millet hybrid released in India; Sg 48 is from 7042S and
HB3 hosts maintained in downy mildew nursery at Mysore and Sg 140 from a local

variety.

Group IB (Figure 9) includes the second known mating type, PT3; host genotype specific
isolate Path-2 (parent BJ 104, hybrid cultivated on a large scale for its agronomic traits,
resulting in disease pressure, subsequent removal from cultivation); Path-4 (parent 852B);
Path-6 (the most susceptible parent 7042S, a landrace originated from Africa); isolates
from relatively adjoining geographic regions Sg 26 and Sg 32 (refer to map in Figure 7).
The aggregation of these isolates in Group IB could probably be attributed to their
analogous fertility to cross breed and magnitude for rapid virulence change (Thakur et al.,

1998). Idris and Ball (1984) have been demonstrated that although populations differ in
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pathogenicity, like Path -2, -4 and -6, such isolates can cross breed and cause rapid
proliferation of pathogen genotypes in the absence of appropriate resistance factors in the
host. The isolate, Sg 26 has been reported to have intra-population pathogenic variability
like Path-3 and Sg 21 which were pandemic in the past leading to the withdrawal of the
hybrids (Thakur et al., 1998). Sg 26 has also been found to be aggressive on the hosts of
Path-4 and Path-6 of this group. Michelmore et al. (1982) and Idris and Ball (1984) have
tried categorizing single oospore isolates according to the mating type compatibility and
found homothallism frequent among these isolates. The relative frequencies of the mating
types could be affected if oospores were inadvertently transported from one continent like
Asia (India) to Africa presenting a risk to pearl millet crop. In summary, ascertaining of
sexual compatibility of isolates will be of importance in determining the nature of

durability of pearl millet to resist downy mildew pathogen.
Geographic relatedness among the isolates

Geographic relatedness is a frequent mode of classifying pathogen populations and this set
could be termed as a gene pool (Stappen et al., 2000). In my analysis, group IIA of the
PCOA plot (Figure 9) signifies the isolates from neighboring geographic areas, for
example Sg 139 from Jodhpur is an aggressive isolate from a cultivar bred locally at Nokha
and Sg 152 from NHB3 in a disease nursery at Durgapur. It is further reported that both
have host specificity for pathogenicity (Singh and King, 1988). Group IIB comprises host
genotype specific isolates Path-1; Path-3 and Path-5; Sg 25 from Bhadgaon, central India;
Sg 88 from Fatiabad, central India; Sg 110 from south India and Sg 153, a field isolate
from a disease nursery at ICRISAT, Patancheru. A similar observation has been made by
Pei et al. (2000), where they have discovered that collection sites of rust isolates divide
them into common groups based on cluster analysis and outbreak of new pathotypes from
these populations. Furthermore, isolates Sg 32 and Sg 26 from Group IA (Figure 9) and
Sg 25 and Sg 88 from Group IIB belong to nearby locations of southwestern and central
India (refer to map in Figure 7). Closer physical distance accounts for the partial genetic
homogeneity within the group, as oospores can spread rapidly (Williams, 1984). The
genetic separation of these isolates probably suggests diversification of the pathogen
coupled with the out-breeding nature of host giving rise to corresponding changes in

pathogen genotypes.
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Demonstration of high-level genetic variation in populations of S. graminicola

The AFLP data generated in my thesis has demonstrated a high level of genetic variation in
natural populations of S. graminicola. From the breeding point of view, this could indicate
rapid selection of isolates that are resistant to fungicides or virulent on pearl millet varieties
having pathotype specific resistance. Selection of pyramided virulence has been
manifested to be more efficient where the pathogen is an obligate biotroph, can reproduce
sexually and the disease can spread rapidly by air borne sporangia (Day, 1974), traits
which S. graminicola possesses. Separation of host genotypes specific pathotypes, Path-1,
-2, -3, -4, -5 and -6 into two distinct clusters, IA and IIB, is indicative of the adaptable
pathosystem to match the changes in host. These isolates are maintained on specific
genotypes at ICRISAT (Thakur, personal communication) to find the virulence change
from Path-6 to different isolates through several asexual generations in the greenhouse
studies (Sastry et al., 2001). The host genotypes of Path-1 and Path-2 share a common
male parent, HB3 (Mehta and Thakur, 1985) and both are isolated from high yielding
varieties. However, Path-1 is much more aggressive than Path-2 (Thakur, 1995) and this
could account for their grouping to different clusters. Path-3 and Path-4 show large
differences in virulence ability, phenotypic changes over asexual generations (Singh and
Thakur, 1995) and logically have large genetic distance between them as per our AFLP
analysis. The virulence of Path-3 has been linked to Path-1, but not to Path-4 (Thakur et
al., 1992), which is very well supported by my current data. Path-5 is isolated from a
highly resistant host genotype, 700651, an accession that originates from Nigeria (Singh
and Gopinath, 1985) in contrast to Path-6, the most aggressive downy mildew isolate
known, is collected from a universal susceptible host. These two isolates belong to two
different groups. Agronomic concern about Path-2 and -5 has grown as their hosts that
have desirable crop qualities, and exhibit drought tolerance, are being implemented in a
major program to incorporate downy mildew resistance in these pearl millet lines (Govila,
1993). Considering the causes of breakdowns of resistance from the epidemics of 1984-85
(Singh and King, 1988), Path-2 and -5 were checked for their virulence and aggressiveness
and were found to have variable disease incidence (Thakur, 1995). In my work, I have
shown that these isolates are genetically distant from each other, grouping in separate

clusters of the PCOA plot.
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Variation in S. graminicola isolates with similar host origins

In the dendrogram, I would like to point out that both Path-1 (also called NHB3) and Sg
152 have a common host, NHB3 (Thakur, 1995) (Table 3, Figure 9), and share genetic
similarity. The combined influence of new cultivars, step-wise selection for virulence and
mutable mechanisms of genetic re-assortment may have contributed to the development of
new virulent races. Path-6 (also called 7042S) and Sg 153 (called field isolate 7042S) are
ICRISAT, Patancheru populations and have a common host 7042S. Their high virulence
capacity is used to test new pearl millet releases in breeding programs. Similarly, Path-2
and Sg 25 have the identical male sterile parent (5141A) and Sg 32 and Sg 48 have a
common host (HB3) but group in different sub-clusters of the PCOA plot. The fact that
these isolates have shown variation, supports that AFLP can detect differences at a very
fine scale even in clonal populations. From the evidences of Ball et al. (1986) who found
the inconsistent disease incidence of the two isolates and the present evidence that these
are genetically dissimilar, one can explain why the isolates do not conform to the general
pattern. The pattern refers to differences in disease incidence to establish consistency in
pathogen behavior to fit host-pathogen cross relationships. In other host-pathogen systems
also, namely Magnaporthe griesea-rice (Ziegler et al., 1995), perfect correlation between

host and genotype is seldom observed (Gonzalez et al., 1998).
Advantages of using dendrogram and PCOA plot to represent diversity

In my analysis, the combined strategy of representations of dendrogram and PCOA plot
has allowed calculation of genetic similarity to specific units and easy visualization of
differences, respectively amidst collected sporangial populations to two main groups.
Comparing the two methods of data presentation, the sub-clustering of dendrogram slightly
differs from the PCOA plot. Both methods have used data generated from 184 amplicons
wherein the PCOA plot revealed marked features of the isolates such as geographic
relatedness, linking Sg 139 to Sg 152 in group IIA while separating mating types PT2 and
PT3 to form individual groups. The dendrogram shows that Path-3 and -4 are notably
different from each other as well as from the other isolates in the same groups and this has
been pathotypically observed (Thakur et al., 1998). Sastry et al. (1995) have demonstrated
that Path-3, -4; -5 and -6 fall in distinct groups with Path-2 clustering closer to Path-6 and
that is well supported by my PCOA plot. They have also shown Path-1 and Path-2 to be
genetically closer. On the whole, however, Path-1 and -2 fall in different groups as

revealed by the dendrogram (Figure 8) and PCOA plot (Figure 9) of my analysis, which
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demonstrates the importance of choosing correct primer pairs to reveal polymorphisms
among pathotypes that are related. This also strengthens the use of different fingerprinting
techniques like RFLP and AFLP to support each other.

In summary, my efforts on DNA fingerprinting by AFLP have facilitated the molecular
description of the genetic differences between sporangial isolates thus providing a basis for
further investigation of mechanisms that generate variation in fungi. Calculations of
genetic distances have effectively identified divergent sub-populations from inter- and
intra-regional sources that could harbor valuable genetic variations not apparent in current
holdings of the isolates. In future, downy mildew has to be continuously monitored for the
emergence of new races or pathotypes (Duncan and Milano, 1995) that can be fought with
stable resistance genes of the host. Identification of markers associated with specific genes
for host specificity, race specificity, virulence and avirulence will be the targets of research
hereafter. Finally, refined AFLP markers would be useful for mapping and are speculative

SCAR marker candidates for detecting polymorphism in this endeavor.
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3.1 Introduction

The fungus Sclerospora graminicola, like many other plant pathogens, displays
considerable genetic diversity as reported by previous studies using RFLP, microsatellites
and repetitive DNA (Sastry et al., 1995, 1997). The genetic variability can be owed to
several factors such as sexual heterothallism (Michelmore et al., 1982), gradual changes
over asexual generations (Sastry et al., 2001), evolutionary stress (McClintock, 1984), and
presence of transposable elements (Finnegan, 1989). The genomes of all carefully studied
fungal species are well known to contain transposable elements (TEs), which provide
flexibility to populations to adapt successfully to environmental conditions (Kempken &
Kuck, 1998). The movement of transposons constitutes to be a major source of
spontaneous mutations and might be an important cause for genetic instability in fungi.
Eukaryotic transposons can be divided into two major classes based on their mode of
propagation (Finnegan, 1989). The class I type elements transpose by reverse transcription
of an RNA intermediate and induce stable mutations which are called retrotransposons and
are divided into two sub-groups, comprising elements with or without long terminal
repeats (LTRs). In contrast, the class II elements lack the intermediate RNA and induce
unstable mutations transposed via DNA-DNA mediated mechanism (Daboussi, 1997,
Kempken & Kuck, 1998). Among these elements, retrotransposons are reported to
contribute up to 80% of spontaneous mutations in fungal species (Dobinson et al., 1993;

Anaya & Roncero, 1995).

Retrotransposons, resembling the integrated copies of retroviruses flanked by self-
regulatory long terminal direct repeats (LTRs), contain an internal domain encoding gag
and pol polyproteins (Toh et al., 1985). The pol protein has conserved domains
characteristic of integrase, reverse transcriptase and RNAse H. Due to the functions of the
domains of a retrotransposon, it can multiply or transpose independently using the genomic
machinery of the host organism (Kumar et al., 1997). By sequence homology and order of
these domains, retrotransposons are divided into two groups: Tyl-copia and Ty3-gypsy.
Tyl-copia is the most studied group of LTR retrotransposons, named after the best
characterized elements in Saccharomyces cereviseae (Tyl) and