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PROJECT SUMMARY

Our approach builds on the resistance of rice (Oryza sativa) to Ug99 and other strains of Puccinia graminis.  This resistance correlates with the abundance of microscopic ridges on the rice leaf surface.  The ability of P. graminis to infect wheat (Triticum aestivum) correlates with the presence of ridges of very specific height adjacent to pores in the wheat leaf.  We hope to develop a spray treatment of wheat seeds or seedlings that will result in a pattern of leaf-surface ridges similar to those of rice.  Candidate treatments include plant growth hormones and combinations thereof as well as pharmacological agents such as colchicine and vinblastine.
My colleagues and I hope that the FAO Ug99 Taskforce will find this proposal for research meritorious.  The research is directed at an entirely novel approach to improved defense against the wheat stem rust fungus Puccinia graminis, including strain Ug99, which currently threatens the wheat crops of eastern Africa, the Middle East, and Southern Asia and likely will spread to North America.

BACKGROUND

Puccinia graminis is a causal agent of rusts on several important cereal crops.  The stem rust of wheat has, at various times, caused enormous losses to crops in wheat-producing countries around the globe.  Plant pathologists and plant breeders have been combating this fungus over the past century, usually buying time as new strains of P. graminis evolve.
A few years ago a particularly troublesome strain, P. graminis Ug99, arose in eastern Africa.  No currently available cultivar of wheat is resistant to Ug99, and the disease is spreading rapidly and seemingly inexorably in Africa, to the Middle East, and on into Southern Asia.  Given the great importance of wheat to the total world food supply, the threat posed by Ug99 is enormous.

Current research on the Ug99 problem appears to be concentrated exclusively on breeding to develop new strains of high-yield wheat that are highly resistant to Ug99.  To the best of our knowledge, none of these efforts has yet succeeded.  The efforts, some directed at single-gene resistance and at least one other focusing on multiple-gene resistance, all face difficulties, notably the lack of marker genes for marker-assisted breeding.

Our approach is entirely different.  It is now known that the successful invasion of a leaf or stem by P. graminis requires that the fungal germ tube attach firmly to a point immediately adjacent to an opening in the leaf, through which the fungus can gain access to the leaf interior.  A key feature is the presence of an appropriately located ridge of a critical height immediately adjacent to the opening.  Rather than seeking resistance genes, we shall seek to modify the plant’s surface structure by chemical treatments that alter the pattern of development of the epidermis and cuticle, leading to the formation of ridges over the entire leaf surface.  Success in this endeavor will lead to the design of a direct chemical treatment of the growing crop, reducing the ability of Ug99 to infect the plants.

INTERACTION OF PUCCINIA GRAMINIS WITH THE SURFACE OF THE WHEAT PLANT

During the summer growing season the rust spreads from plant to plant by way of summer spores (uredospores) that are produced in vast numbers by the rust on the surface of infected wheat plants.  When a uredospores lands on the surface of a leaf it germinates—a tiny hypha called a germ tube emerges from the spore and elongates across the leaf surface.  This growth is always straight across the leaf, at right angles to the length of the leaf.  A germ tube elongates until it finds a stoma (a pore in the leaf surface that allows carbon dioxide, needed for photosynthesis, to get to the interior of the leaf where photosynthesis takes place).  The germ tube takes advantage of this pore—a “hole” in the plant’s defenses—by attaching to a cell at the edge of the pore, producing a structure called an appressorium that straddles the pore.  The appressorium than grows a small “peg” that reaches into the opening and, once inside the leaf, branches to become a number of hyphae.  These grow throughout the leaf interior. Where they encounter the moist surfaces of photosynthetic cells they form haustoria, structures that steal the plant’s photosynthetic products and use them to feed the fungus.

How do the germ tubes manage to grow in straight lines at right angles to the leaf?  How do they know when they have arrived at a stoma?  The answer to both questions lies in the fact that the germ tubes have, in effect, a “sense of touch.”  They can detect minute ridges and grooves in the surface over which they grow.  The epidermal (“skin”) cells of the leaf form in long rows as the wheat leaf grows, leaving microscopic grooves over the side walls of the cells.  A germ tube senses the grooves and grows across their grain.  Figure 1 shows this effect on an artificial “leaf” surface made of polystyrene.  The dimensions correspond to the fine grooves and ridges of a wheat leaf.

The sense of touch applies as well to recognizing cells around stomata.  If a P. graminis germ tube encounters a ridge approximately half a micrometer in height, it stops growing, forms an appressorium, and extends a peg.  The guard cell by a wheat stoma has a ridge exactly that high. Different rust species all have characteristic ridge heights that trigger appressorium formation, enabling them to match their behavior to the anatomy of their respective plant host species.  The effects of ridges were elegantly established by previous workers who studied germ tube development on plastic (polystyrene) membranes with different, precise ridge heights (Figure 1).

This behavior pattern is the basis for our hypothesis: By equipping wheat with a large number of surface ridges approximately 0.5 micrometers in height, we can “trick” wheat rust germ tubes into forming appressoria where there are no stomata.  Their pegs will be unable to penetrate the leaf.  Thus, the overall efficiency of infection will be much reduced, decreasing the overall danger to the crop.

PROPOSED RESEARCH
We will attempt to modify the development of the wheat leaf surface, providing it with an abundance of ridges approximately half a micrometer in height.  If our hypothesis is correct, such ridges should sharply reduce the spread of a rust infection by causing the large majority of germ tubes to terminate their growth, forming appressoria at ridges where there are no stomata to be invaded.

Two lines of research present themselves.  The first is based on the existence of plants that already possess extensive systems of 0.5-micrometer surface ridges away from their stomata.  For example, most varieties of carrot (Daucus carota) possess these surface ridges.  If we could isolate the gene or genes responsible for the production of these ridges and insert them into the wheat genome, we would likely produce a strain of wheat resistant not only to Ug99 but to most and possibly all other strains of Puccinia graminis.  This resistance would persist from generation to generation.  Unfortunately nothing is known of the genetic basis for the surface ridges of carrot leaves.  In addition, there is no guarantee that genes that function in carrot would necessarily produce identical effects if installed in the wheat genome.  Thus, we will not attempt a genetic approach but, instead, concentrate on a more direct physiological approach.
We propose to examine the effects of various chemical treatments on the development of surface ridges in both carrot and wheat plants.  The application of various commercially available plant growth hormones has long been known to have profound effects, altering normal developmental patterns in many ways.  (Normal developmental patterns are the result in part of the naturally occurring growth hormones already present in the plant.  The natural and commercial hormones are chemically identical.)  The hormones to be tested include gibberellins, cytokinins, auxins, ethylene, abscisic acid, and brassinosteroids.  It is known, for example, that gibberellins and cytokinins act in opposition to each other in regulating the developmental fate of epidermal cells.  We will determine whether modifying the ratio of gibberellins to cytokinins alters epidermal development so as to produce the half-micrometer ridges that are our goal.  We will study the effects of other hormones and combinations thereof.

We will also test certain pharmacological tools for possible effects on development of the leaf surface.  In particular, we will study agents that disrupt the formation of microtubules, microscopic structures that determine the pattern of cell wall formation and, thus, of surface characteristics.  Two such agents seem promising.  Colchicine is a natural constituent of autumn crocus; it is useful in treating gout and also interferes with microtubule production in plants.  Vinblastine, obtained from the Madagascar periwinkle plant, is used in cancer therapy; it, too, interferes with microtubule production in plants.  We will determine whether such agents can cause the development of suitable ridges on the leaf epidermis.

The goal of our studies is to alter the surface of the wheat leaf in such a way as to minimize the rate of infection in a field threatened by a spreading wheat rust epidemic.  The focus of this research is on chemical modification of the leaf surface, specifically the production of half-micrometer ridges.  If we can consistently cause ridge production, future research can be directed at testing the effects of the ridges on resistance to Ug99.

RESOURCES ALREADY AVAILABLE

My group has access to a scanning electron microscope, which we will use to examine epidermal samples from treated and untreated plants.  Previous grant support has equipped us with micromanipulators to use in placing rust spores in precise locations under the light microscope.  We have three old plant growth chambers but need to acquire a fourth, more up-to-date model.

THE PAYOFF

If we can devise a suitable protocol for spraying the wheat crop with appropriate chemical agents at the beginning of the growing season, this may enable farmers to protect their crops against not only Ug99 but also many or all other strains of the rust fungus Puccinia graminis.  It will not provide complete protection, but it should greatly reduce the number of infections produced by the year’s onslaught of uredospores.
TIME FRAME

Our proposed experiments should be completed within two years.  The experiments on leaf surface development will all be performed in the laboratory at low cost, and they do not require the introduction of Ug99.  Success of the proposed research will lead to future tests of the efficacy of our approach through field work in a country where Ug99 is endemic, such as Kenya, over further years.
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Figure 2.  Puccinia spores germinated on polystyrene membranes with precisely deposited polystyrene ridges of different heights.  In this experiment ridges approximately 0.5 micrometers high were most effective in causing appressoria to form.  (Modified after Allen, E. A. et al. 1991: Appressorium Formation in Response to Topographical Signals by 27 Rust Species.  Phytopathology 81: 323-331.)

