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Editorial

It is with considerable relief and some trepidation that
this long overdue 2001 issue, number 42, of the
International Sorghum and Millets Newsletter (ISMN) is
finally being published. The delay in its publication is
"all my fault" as | have not been able to keep up with my
commitments following a substantial restructuring in
research responsibilities within ICRIS AT that accompanied
my return from study leave in 2000, reductions in
ICRISAT staffing at the end of 2001 due to budget
constraints, and undiminished demands from ICRISAT's
stakeholders globally. | can only offer my sincere
apologies to the authors and readers of ISMN worldwide,
as well as to my co-editor Dr JA Dahlberg and to the
managements of SICNA and ICRISAT, for the serious
inconveniences caused to one and all by the delayed
publication of this issue. Along with this apology | offer
my best wishes to Dr RP Thakur, who has taken over the
ICRISAT side of the co-editorship for ISMN with effect
from issue 43, and my sincere thanks to Mr VS Reddy
and Mr K Chandrasekhara Rao of Communication Office,
ICRISAT, and to my wife Deanna for their assistance in
bringing ISMN 42 to its present form.

ISMN 42 opens with a set of feature articles related to
the development and application of molecular marker
techniques to support breeding of pearl millet in developing
countries. The articles are based on presentations made
at a workshop and training course on this subject
conducted in Hyderabad, India in November 1997 (see
McGaw et al., 1997. ISMN 38:19-28) and updates of
these prepared for the 2001 Annual Report of the Plant
Sciences Research Programme of the UK's Department
for International Development (DFID). This section
begins with a report on the importance of pearl millet in
developing countries, emphasizing its importance in
food security for the world's poorest people and
identifying the most important constraints to pearl millet
production that should be addressed by public crop
improvement research (see Gill and Turton, pages 1-8 of
this issue). The information that follows on approximate
map location ... of a large number of putative
quantitative trait loci for host plant resistance to pearl
millet downy mildew detected through the end of 2001
(see Hash and Witcombe, pages 8-15 of this issue), the
JIC consensus map for pearl millet molecular markers
(see Gale et al., pages 16-22 of this issue), and the utility
of RAPD markers for characterizing isolates of pearl
millet downy mildew (see Mahmood et al., pages 22-26
of this issue), should all prove useful to teams of plant
breeders, molecular biologists and plant pathologists

working together to address the threat that downy
mildew continues to pose to pearl millet production in
Asia and Africa.

The section of sorghum research articles in this issue
closes with an extremely important article on false-
positives for tannins when the standard bleach test is
used on weathered or insect-damaged non-tannin
sorghum grain samples (see Akiwa et al., pages 58-62 of
this issue). The color figures in this article should help
those involved in grading sorghum grain samples to
avoid this problem in future. A second important article
in this section is that reporting on a field survey of
sorghum diseases and insect pests in peninsular India
that was conducted during the 2001 rainy season (see
Rajasab and Frederiksen, pages 40-44 of this issue).

Workshop summary reports in this issue by
Haussmann et al. on a workshop on breeding for Striga
resistance conducted at IITA in August 1999, and by
Lopes on a pearl millet workshop conducted in Brazil in
July 1999 will provide useful entry points for readers
seeking information on these topics. Finally, this issue of
ISMN closes with a series of articles from the July 2001
issue of the regional newsletter of the Sorghum and
Millet Improvement Network (SMINET), information
on several recently published books of interest to
sorghum and millet research workers, and a fairly
comprehensive listing of journal articles published on
topics related to sorghum and millets improvement in
2001.

| close my co-editorship of this newsletter with a
heartfelt thank you to Jeff Dahlberg and to ICRISAT
management for providing me the opportunity to
contribute to publication of ISMN, which continues to
help give voice to the many sorghum and millet research
workers - especially those in developing countries - for
whom this hard copy newsletter continues to provide
both a source of relevant research information and an
appropriate venue for communication of research
findings relevant to the breeding, production, marketing
and utilization of sorghum and millets for food, feed and
fodder. | wish the newsletter and its readers many years
of continued success through service, and enjoin the
current and future editorship to learn from my mistakes
so as not to repeat them.

C Tom Hash
Co-editor, ISMN issue number 42
c.hash@cgiar.org
April 2005
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Feature Articles - Pearl Millet Markers

Pearl Millet in Developing Countries

Gerard J Gill and Cathryn Turton (Overseas
Development Institute, Portland House, Stag Place,
London SWIE 5DP, UK)

Editor's note: This is an abridged version of a report
with the same title, commissioned by the DFID Plant
Sciences Research Programme, which was completed by
the authors in March 1998.

Introduction

Millets rank sixth in importance in terms of contribution
to global cereal supply, after wheat, rice, maize, barley and
sorghum. Ninety-four percent of the world's millet
production is grown in developing countries. Millets as a
whole occupy 5% of global cereal area, but produce only
1.5% of global output (FAO and ICRISAT 1996, p. 33).
They grow in places to which very few other crops, and
no other cereals, are suited: areas of high temperature,
low and uncertain rainfall, and shallow or sandy soils with
poor fertility and low water holding capacity. Furthermore,
millet-growing areas are usually characterized by poor
infrastructure, limited market access and low farm
incomes.

Pearl millet [Pennisetum glaucum (L.) R. Br.] is the
staple food of millions of the world's poorest and most
food-insecure people, particularly in India and Africa,
and is the most important millet globally in terms of area
and production. The crop has relatively high nutritional
value for a cereal. Its grain has higher protein and fat than
wheat or rice (partly because of its relatively large
embryo and low yields) and its amino acid balance is
better than that of wheat and polished rice, and
comparable to that of unpolished rice (which is not
actually eaten). It also digests slowly, and so staves off
hunger longer.

Pearl millet has impressive ability to withstand drought.
If this occurs after the seedling stage, the plant will often
go into "suspended animation" and then resume growth
when a rainfall event occurs. At the seedling stage moisture
is very critical, but it usually rains at that time, because the
crop is not sown until the rains start.

Livestock typically play a crucial partin farming systems
based on pearl millet. Pearl millet can provide grazing, green
fodder or silage, while its stover is a valuable source of feed,
making it a dual-purpose crop for subsistence farmers.

The stover remains green to the point of grain harvest,
thus lifting its nutritional value above that of other cereal
residues, such as maize stover.

Production and Productivity Trends

Accurate figures on pearl millet production in developing
countries in Africa are unusually difficult to obtain,
because few statistics distinguish between the various
botanical species of millet, and some countries combine
millet figures with those of sorghum and other cereals,
and include millet under the general category "other
coarse grains" (FAO and ICRISAT 1996, p. 31). However,
the general picture for pearl millet production and
productivity for Africa is fairly clear, and is consistent
with what is known about African subsistence farming
systems generally. Yields are at best stagnating and
production increases at present depend upon either
reductions in fallow periods, expansion of cultivation into
increasingly marginal areas, or both. This trend is
particularly marked in the Sahel. Per capita production is
highest in Niger, because of the dominance of the crop
there, but this is falling. In eastern Africa per capita
production has declined markedly, largely as a result of
area contraction as better land is switched to preferred
cereals such as maize.

In India productivity and production have increased,
despite declining area. This is largely because of the
development and popularization of improved cultivars in
India and their distribution through an increasingly
efficient private seed-marketing sector.

In India there have been some interesting developments
in the agronomy of pearl millet in more favored areas
such as Gujarat, where farmers have shifted nearly all
production into the summer season, when they use
irrigation, hybrids and fertilizer to produce all of their
grain requirements, and to produce hybrid seed used in
other parts of the country.

Trends in Commercial Production and Prices

Pearl millet is primarily a subsistence crop in the developing
world. In Africa, because of the absence of large markets
for the crop, virtually all millet production for sale is
risky. Only an estimated 5 to 10% of African pearl millet
production enters commercial markets, although in surplus
years it is locally bartered with people both in the Sahara
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and to the south (FAO and ICRISAT 1996, pp. 31 and 43).
Nevertheless, commercial production of pearl millet in
Africa is not unknown. For example, in West Africa there
is an important triangle in which coarse grains arc traded,
with Guinea, Mauritania and Mali at its comers, but no
disaggregated information on its components (maize,
millets and sorghum) is available (Debrah 1993, Figure 3).

The indigenous grain market in the northern part of
Namibia, the country's main production area, is reasonably
well developed, competitive and sophisticated by
developing country standards (Keyler 1995a; Keyler
1995b. Ch. 5; Mukete and Sheuyange 1995; Rohrbach
1995). As in other countries of southern Africa, government
controls, subsidies and other interventions are being
phased out, a liberalization that is also helping to foster
the gradual emergence of a commercial grain market.

The most important country for commercial pearl
millet production in the developing world is India. Compared
to other cereals, the crop has a short growing season,
higher productivity per unit of inputs (such as seed, water
and nitrogen) and lower opportunity costs for much of the
suitable land, resulting in low production costs, which in
turn are reflected in relatively low market prices.

Pearl Millet and Food Security

The importance of pearl millet to world food security is
significantly greater than its contribution to world food
supply due to the fact some of the world's poorest and
most food-insecure people depend on it. Food security is
usually considered on three levels: national, household
and individual. At each level, three aspects should be
considered: availability, stability and access (Thompson
and Metz 1997, p. 4).

National level food security. Sub-Saharan Africa must
be regarded as the major focus of concern. The situation
there contrasts strongly with that found in India, the only
major producer outside Africa. First, at the national level
in India pearl millet is very much a minor food grain
(although regionally it is important) compared with most
African producers, particularly in the Sahel. Second,
whereas India has made, and is expected to continue to
make, substantial progress in improving productivity of
this crop, Africa has not. Third, India, unlike Africa, has
developed an efficient seed production and distribution
system for pearl millet (and other crops). Fourth, Indian
pearl millet production is increasing, while in Africa it is
declining (FAO and ICRISAT 1996). Finally, India has
much better developed transport infrastructure than the
African producers, and is therefore able to move food
grains from surplus to deficit areas much more efficiently.
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Projections of falling cereal prices and growing per
capita consumption to 2020 would be good news for
national-level food security in Africa, if not for the steady
withdrawal of food aid.

At the national level, net food importing countries are
particularly vulnerable to food insecurity, and the number
of these in sub-Saharan Africa will continue to grow, as
growth of demand continues to outstrip that of supply and
food import requirements mount.

Most countries of sub-Saharan Africa are not food
secure in terms of availability, stability and access.
Although food grain continues to be available on the
international market at falling real prices, such countries'
access to it is constrained by a combination of limited
purchasing power, dwindling food aid, and rapidly growing
import requirements of emerging economies in Asia.

Household level food security. Obviously, national level
food security does not guarantee food security at the
household level. In a cash economy, even if sufficient
food is available on the market, poor families often do not
have access to enough of it to meet their needs.
Population pressure, reduced fallows and depleted soil
fertility have caused the build up of disease and pest
problems, so that yields are falling.

In the unimodal rainfall areas in which pearl millet is
grown, it is often labor, rather than land, that is the critical
factor (Debrah 1993, p. 56). Such areas have a single
cropping season, so that the onset of the rains signals a
frantic rush to get the land prepared and the crop
established so as to give plants maximum access to soil
moisture and avoid terminal drought, take advantage of
the "nitrogen flush" (produced by a sudden upsurge in the
activity of nitrogen releasing soil bacteria), and get a head
start on weeds (Chambers et al. 1981, Ch. 1).

Although production is totally dependent on uncertain
rainfall, and therefore varies greatly from year to year, a
crucial feature of pearl millet that helps reduce farm
households' vulnerability in this respect is its excellent
storage properties. The crop is usually harvested and
stored in dry weather conditions, while the hard hull
covering the endosperm protects it against insect attack,
even in traditional grain stores (FAO and ICRISAT 1996,
p. 43). Provided the average level of production is
adequate, and provided a reserve can be built up against
emergencies, even quite extreme year-to-year variation in
production need not cause food insecurity. A study in one
of the more affluent pearl millet producing areas, the
Ovambo region in northern Namibia, found that
households habitually store enough of the crop to last
between four and six and a half years before they would
even consider selling it. Such high thresholds are an
indication of the average household's perception of the



drought threat (Keyler 1995b, p. 131). Of course, the
poorer the household the less likely is it to be able to build
up stocks, even in good years. It is inconceivable that a
significant proportion of poor households in the Sahel
could build up stocks to such levels.

A facet of the stability aspect of food insecurity that
requires wider recognition is seasonality of food supply.
The existence of an annual hungry season is a feature of
many third world farming systems, but none more so than
those found in areas of unimodal rainfall pattern such as
the Sahel. This means, among other things, that food
produced during the hungry season has a much higher
marginal utility to the household than food produced
during the main harvest (Gill 1991, pp. 21-22). Even
after a serious drought, as occurred in southern Africa in
1991/92, farmers were still looking for characteristics
other than grain yield in the pearl millet seeds supplied
under emergency relief. Farmers receiving such seeds
often expressed a willingness to forego grain yield in
favor of other characteristics, particularly early maturity
(Friis-Hansen and Rohrbach 1993, p. 83).

Food security of the individual. This is the most
fundamental level at which food security can exist, and,
just as national level food security does not guarantee the
same condition applies at the household level, so, too,
household level food security does not guarantee the
same assurance to its individual members.

Poverty and deprivation impinge differently on
women and men, the old, the middle aged and the young,
the healthy and the sick. Individual food security is bound
up with economic and cultural factors that determine
intra-household access to food. Case studies from many
different societies indicate that among adults, women
share a disproportionate share of poverty and among
children, girls suffer more than boys (Bhatia 1995). In
many communities there is a tradition of men eating first
and the women and children waiting for what is left. Sons
tend to eat before daughters. In famine years and hungry
seasons, girls are first to suffer and their hunger is the last
to be assuaged. An important implication of this is that
short duration varieties that can be harvested in the
hungry season are of greatest value to women and girls.
The same is true of varietal characteristics that improve
tolerance of or resistance to conditions that lead to
scarcity and famine.

Not all intra-household differences in food security are
attributable to social relations and cultural factors.
Pregnant and lactating women (and most women in the
developing world are always either pregnant or lactating
during a large part of their adult lives), the sick or
convalescent, people who have to do hard physical labor,
and growing children all have special nutritional needs,
and if these are not satisfied then that individual's food

security suffers disproportionately.
particularly vulnerable to intra-household food insecurity,
and this is in fact the age group - around six months to
two years of age - when death from malnutrition is most
common (Gill 1991, Ch. 3).

In areas where it is an important component of food
supply, pearl millet plays a vital role in alleviating this

Weanlings are

problem, because it is a high-energy food with high
protein content. Compared to other cereals it is not as
deficient in the amino acid lysine, so that, for a cereal, its
protein efficiency is unusually high. These qualities make
the crop especially suited to pregnant and lactating women,
convalescents and weanlings.

Constraints on Improvement

Pearl millet is one of the mandate crops of the
International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT). This is a tough remit, as the crop has
been described as "virtually unimprovable", having
evolved both naturally and through farmer selection to
suit environments so harsh that in some of them not even
weeds will grow (ICRISAT 1996). Despite this, considerable
improvement has already been achieved. The earliest
research on this crop was conducted under the auspices of
the colonial agricultural research services and agricultural
colleges in West Africa and the Indian subcontinent, and
the United States Department of Agriculture, and dates
from at least the 1930s. The Indian agricultural research
system began releasing newly developed hybrid cultivars
in the mid 1960s, and these have now been adopted by
Indian farmers on a large scale. More than half of India's
pearl millet area is now under modern varieties and the
proportion continues to grow.

Optimism regarding the potential for pearl millet
improvement has increased with recent breakthroughs in
developing a molecular marker-based genetic linkage
map for pearl millet and the identification of key markers
associated with traits such as downy mildew resistance
and drought tolerance.

Hybrids and improved open-pollinated varieties have
helped address the yield constraint, as has development of
cultivars that are resistant to diseases like downy mildew.
ICRISAT's development of short duration varieties (from
African landrace such as Iniadi) has meant that the threat
of end-of-season drought has been reduced. Although
there is a trade-off between yield and length of season, the
short duration cultivars confer their own advantages by
providing grain in the hungry season as well as reducing
the risk of crop failure and improving opportunities for
double-cropping.

All in all, the impact of HYVs of pearl millet has been
greatest where the production environment has been least
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hostile. In India, improved cultivars are grown on more
than 90% of the area in Gujarat, where of all pearl millet
growing areas soils are relatively fertile, water control is
good and there is a strong input and seed delivery system.
However, in western Rajasthan, only a few farmers grow
improved cultivars under rainfed conditions, and then
only small areas (ICRISAT 1997, p. 9). In Africa, where
production environments can be even harsher than those
of western Rajasthan, adoption rates of improved
cultivars can be extremely low. In Niger, improved
cultivars account for only an estimated 5% of the area
under this crop (FAO and ICRISAT 1996, p. 39).

Downy mildew remains the most widespread disease
of pearl millet, with continuing potential to cause
catastrophic loss. Grain yield losses of 10 to 60% have
been reported from various African and Asian countries
(Singh et al. 1993). Evolution of this disease is a major
problem with genetically uniform single-cross pearl
millet hybrids, so that as resistant hybrids of the crop
become popular, they quickly succumb to new strains of
the pathogen. Smut and ergot are panicle diseases in
which fungal reproductive structures replace the grain.
They are episodic diseases, peaking when there is heavy
rainfall at the time of flowering. Informal estimates put
losses atjust 1 or 2% in normal years and less than 5% in
bad years. The nutritional value of pearl millet stover
would be improved if foliar diseases such as rust and
Pyricularia |eaf spot could be controlled.

Striga hermonthica and S. asiatica are parasitic weeds
that attach themselves to the roots of pearl millet,
sorghum, maize, rice, sugarcane and other grasses, and
rob them of nutrients. Striga is regarded as the single most
important biotic constraint on grain production in sub-
Saharan Africa. It is estimated to affect 44 million
hectares and to cause yield losses valued at US$7 billion a
year (ICRISAT 1997). The weed also exists in Asia, but
strains there are much less virulent, and it is therefore less
of a scourge. The problem is growing in seriousness in
sub-Saharan Africa because of repeated cropping on the
same land as a result of falling fallows. This provides the
weed with successive generations of hosts, so that its seed
load builds up in the soil. Lightly infested fields can be
hand-weeded, but when infestation becomes severe,
farmers are forced to abandon their fields altogether.
Striga seeds can remain viable in the soil for up to 15
years. The parasite is able to attack its hosts successfully
because the latter are in poor nutritional condition. A
viable approach may be to tackle the difficult and
growing problem of poor soil fertility, which leaves the
plants undernourished and open to parasite attack.

In West Africa there is an estimated US$100 million
loss per annum from stem borer and head miner damage
to pearl millet. Head miner is a major pest and there is as
yet no genetic solution. Spraying is a possible solution,
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but poor farmers cannot afford it. Early flowering millets,
which are bred to escape terminal drought stress, are
especially vulnerable. There is no problem with late
flowering types. Stem borers can be very effectively
controlled by simple inexpensive chemical-filled traps.
Bird damage can be severe in pearl millet, especially with
early-sown early maturing cultivars that fill grain when
birds have little else to eat. The damage can be controlled
partially by sowing cultivars with sharp bristles on their
panicles, as these make it difficult for the birds to reach
the developing seed.

Problems of poor soil fertility and unreliable rainfall
have been mentioned several times as major constraints to
increasing pearl millet productivity. However most plant
physiologists now agree that water is not the most
limiting factor except in drought years. Negative nutrient
balance is a major problem in the Sahel, and phosphorus
is the major limiting factor. Even 5-10 kg of P per hectare
significantly improves a pearl millet/cowpea intercrop,
raising the cereal yield from 300-400 kg ha™' to 600-700
kg ha™. The International Fertilizer Development Center
(IFDC) and ICRISAT have been exploring means of
using locally produced rock phosphate fertilizer both
alone and in combination with commercial phosphatic
fertilizers and crop residues. Early results are encouraging,
with yield increases of up to 250% and a long-term
improvement in soil fertility (ICRISAT 1997, p. 74).
Another promising approach is micro-dosing - placing a
very small basal fertilizer application in individual hills
while sowing the millet seed.

Agroforestry offers further interesting prospects. One
system would be to plant widely spaced rows ofleguminous
trees, so that broad alleys of pearl millet could be grown
between them. The trees would then act as a windbreak.
In West Africa good results have been obtained in
experiments growing pearl millet in association with the
leguminous tree species Faidherbia albida (previously
known as Acacia albida; Sivakumar et al. 1994). In
addition to being nitrogen-fixing, this tree is summer-
deciduous, so that it produces foliage in the dry season
and drops it in the wet. In parts of Africa where F. albida
is a native species, farmers make great use of what has
been called this "perverse phenology", feeding the leaves
to their livestock when fodder is otherwise very scarce,
and growing crops in the under story during the wet
season. Not only does no leaf canopy remain to shade the
crop, but any leaves left on the ground act as a mulch and
provide additional nutrients (Leakey 1996, Sall 1992).
Improved feed for livestock also translates into more
organic manure.

Falling fallows and extension of pearl millet cultivation
into more marginal areas indicate that the availability of
land is an increasingly limiting factor in some areas.
Labor scarcity during the planting season can be a major



constraint. Male migration and a growing level of school
enrolment means that the burden of labor supply is often
thrown onto women, whose time is already severely
constrained (Holtland 1996). This particular constraint is
sometimes eased by labor circulation, i.e., the men
migrating seasonally back to the land for peak period
operations such as land preparation and harvesting, and
also by older children absenting themselves from school.
However, it has been made more severe by the HIV/AIDS
pandemic.

In India the greatest constraint on pearl millet HYV
adoption in the least favored areas that can be addressed is
lack of a reliable supply of quality seed of adapted
improved cultivars. India's commercial seed suppliers -
especially the larger and more responsible ones - are
concentrated in the areas with the best production potential
and the most commercialized pearl millet production, i.e.,
in states such as Maharashtra and Gujarat. In the less
favored areas like Rajasthan, and most especially western
Rajasthan, weakness of the organized seed market is one
of the main reasons for the low level of uptake of improved
pearl millet cultivars. This is accentuated by industry
perceptions that seed demand in the region is rainfall-
dependent and therefore not sufficiently predictable.

In sub-Saharan Africa the position regarding seed
supply is quite heterogeneous. A few countries, such as
South Africa and Zimbabwe, are somewhat similar to
India in that they have developed a commercial market
for inputs, including seed. However, in most of Africa
there is no commercial seed market. Instead farmers rely
on public sector supply, NGOs and farmer-to-farmer sales,
particularly the latter. The situation in the Sahel tends to
be the least favorable. There are now five or six good
pearl millet improved open-pollinated cultivars available
off-the-shelf in several Sahelian countries, but there is
little or no seed production and marketing infrastructure.

The situation regarding product marketing parallels
that for inputs. In the more favored agro-climatic areas,
the situation is relatively good and often improving.
However in the least favored areas there is no commercial
market for the crop. This does not mean there are no
prospects for improvement. Processing and marketing
experiments indicate prospects for adding value to the
domestic product and making it more competitive with
imports. Examples are the development of a pearl millet-
cowpea infant food formula in Mali (Debrah 1993) and
the use of pearl millet flour as a partial substitute for
wheat flour in baked products in Kenya (ICRISAT 1997).

Research Prioritization

Traditionally the agendas of publicly-funded agricultural
research organizations have been set by their scientists,

who were assumed to know what the problems were.
However, with an essentially subsistence crop like pearl
millet, the producer is also the consumer, and it is
particularly important to ensure that rural households
play a central role in helping to set the research agenda,
and evaluating the outputs of the research-extension
system. In recent times, the situation has been changing
with the adoption by the CGIAR centers, and some of the
NARCs, ofthe participatory approach to research agenda
setting and prioritization.

ICRISAT now explicitly accepts that "farmer
participation in the design of new crop varieties is
essential if these are to meet users' needs" (ICRISAT
1997, p. 76). For example, in partnership with the
Southern African Development Community, ICRISAT
has developed the concept of the "diverse germplasm
observation nursery" (DGON). Here a large number of
contrasting types of sorghum and pearl millet are grown
in order to let farmers see for themselves the different
possible combinations of crop traits. A scoring card then
allows farmers to evaluate and rank the varieties. The
results revealed, "A significant difference of emphasis
between farmers' priorities and those traditionally
adhered to by plant breeders. Breeders, at least of the old
school, tend to focus narrowly on yield, whereas for
farmers a range of other traits appears more important”
(ICRISAT 1997, p. 78). The methodology for this
approach is still being evaluated and refined in the light of
experience. The addition of women to panels is crucial,
partly for reasons given earlier about intra-household
discrimination in food allocation, but also because of
customary gender division of labor. For example, in
Namibia it was found that men preferred a particular
variety of pearl millet on taste grounds, whereas the
women gave it a low score because it was difficult to
dehull, and dehulling is women's work.

One can postulate at least three different levels of
participation by farmers in setting the research agenda.
The DGON type of approach, in which farmers are
presented with as wide as possible a range of choices and
then asked to evaluate them, is ex-post evaluation of
completed work. It represents a huge improvement on
what went before, but it is still based on scientists setting
the research agenda in the first place. The second
approach, an ex-ante design, is one in which the farmers
set the criteria first and the scientists then search to see if
they can come up with appropriate varieties off the shelf.
The third level would be for the farmers to state their
criteria and the scientist to then breed to order. A major
problem with this approach, however, is that with a 10-
year time lag the traits desired by farmers could well have
become obsolete by the time the ideotype was developed
into an experimental cultivar ready for testing. An
important question arising from this is whether new
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techniques such as molecular markers can reduce both the
time lag and the cost of developing new cultivars to the
point that it becomes feasible to design varieties to order.
The new techniques certainly offer considerable benefits
over conventional breeding techniques in this line,
notable shortening the time frame to develop hybrids,
simpler and cheaper screening for more difficult
characteristics, and simpler screening for resistance to
pathogens from other regions.

It is clear that at the institutional level ICRISAT has
made a firm and wholehearted commitment to adopting a
participatory approach to setting the research agenda. On
the basis of its track record, no one could reasonably
argue that this isjust a public relations exercise. However,
some scientists are more firmly committed to participatory
approach than others. There are many who have made the
commitment, but some scientists are still struggling with
the concept and its philosophical underpinnings.

Conclusions

Pearl millet is produced mostly by poor people in
marginal areas of India and Africa. Grown primarily as a
subsistence food crop, relatively little grain enters the
market. This combination - direct consumption of the
crop by those who grow it and the consequent lack of
means to escape poverty by selling their surplus - is a
stark prospect for the food security of the millions of
people who depend on this crop.

With poverty alleviation a central feature of aid policy
and the increasing cultivation of marginal areas, the crop
is likely to attract growing attention in the coming decade.
The key questions and challenges will center around:

+ the allocation of resources in terms of geographic areas,
+ the need for policy reform,

« the balance between investment in research vis-a-vis
investment in strengthening uptake pathways, and

* the balance between strategic and adaptive research.

From a geographical perspective the status of pearl
millet production varies considerably. At a broad level,
there are striking differences between India and Africa.
While production of pearl millet in Asia is concentrated in
a few heavily populated states of India with cultural and
linguistic similarities, production in Africa is spread thinly
across political boundaries and across disparate cultural
traditions. In India, although pearl millet remains
regionally important, it makes only a minor contribution
to national food security. On the other hand, for many
African countries, particularly in the Sahel region,
national food security relies on pearl millet production.
There are also considerable differences regarding the
status of production within India and Africa. It is worth
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emphasizing that advances in pearl millet production
have occurred in areas where the contribution of pearl
millet to national or regional food security is relatively
less important. In contrast, in areas where pearl millet
production is critical to regional and national food
security, the situation has deteriorated.

At a macro level, unfavorable policy environments, in
particular policies relating to coarse grain marketing, continue
to undermine prospects for pearl millet production. In
India, the development of an efficient marketing system
for pearl millet is frustrated by government support prices
for more preferred cereals such as wheat and rice.
Similarly, in many parts of Africa, grain policies have
evolved in response to urban demand for alternative staples,
reinforced by market distortions.

An important constraint affecting pearl millet production
continues to be the non-availability of seed. Again there
are stark differences between the Indian and African
situations. Farmers use hybrids extensively in India, and
the Indian private sector is heavily involved in supplying
hybrid seed (which must frequently be replaced and is
therefore more profitable than open-pollinated varieties).
In die Sahel, on the other hand, hybrids are not used at all,
and the private seed sector is still in an embryonic stage of
development, although it should be noted that the
infrastructure for seed production and marketing is
relatively better developed in southern Africa.

Questions over future research priorities center around
the allocation of resources along the research spectrum.
There have been considerable advances with the
identification of molecular markers for downy mildew
and drought tolerance. Some progress has been made
toward the identification of markers for phosphorus
uptake efficiency. To date, research has focused on
minimizing yield losses as a primary objective. In the
Sahel, however, other factors may be more important than
yield. Varieties that enhance food security in the hungry
season are extremely attractive to poor farmers in general
and the most disadvantaged family members in particular.
The easing of constraints on production is also extremely
important.

The central question remains the allocation of resources
geographically and along the research and development
spectrum. The subject of future support must be
discussed with two different scenarios in mind: those of
India and Africa. India's experience has demonstrated
that improvements in production can dramatically change
the comparative advantage of pearl millet production.

Sahelian Africa, on the other hand, has limited public
research capability, very few examples of private seed
companies, and volatile unstable markets. For the
foreseeable future, the Sahelian countries are likely to
rely on the public sector. Open-pollinated varieties and
landraces are widely grown, and hybrids are in their



infancy. This suggests that the emphasis should be on
adaptive research with a major investment in strengthening
uptake pathways. The exploration of complementary ways
of improving productivity (such as the earlier mentioned
examples of agroforestry and the use of rock phosphate)
should continue to receive close attention in research
policy. Significant information gaps still exist for the
Sahelian region in particular, on farmers' decision-making
processes with regard to pearl millet production.

It is easy tojustify the case forincreasing investment in
pearl millet research and development. However, difficult
decisions relating to important trade-offs need to be made.
On the one hand, the best use of funds might be to focus
on the poorest farmers in the Sahelian countries who have
yet to feel the benefit of research. To support this strategy
considerable resources would need to be invested in
gaining a clearer picture of constraints to adopting new
varieties and strengthening uptake pathways - the thrust
would therefore be on adaptive research. On the other
hand, this strategy must be balanced against the enormous
gains to be made through the application ofnew technologies
in more favorable environments as illustrated by the
dramatic improvement in pearl millet production in India.
Rajasthan may represent an exciting opportunity where
infrastructure is relatively supportive to the wider uptake
of new varieties. Some difficult decisions will need to be
made. Whatis not in doubt is mat there are still opportunities
- through both policy and research interventions - to
improve the status of pearl millet production in the future.
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Accumulating Stores of Knowledge: Disease
Resistance QTLs in Pearl Millet

The slow magic of agricultural research relies on
accumulation of knowledge that future generations of
scientists can use. New technologies, such as molecular
markers, are expensive to develop, and returns from the
research take a long time. However, once the knowledge
reaches a critical level, gains accelerate and provide a
deeper, more flexible, resource. Research on molecular
markers to aid in breeding pearl millet [Pennisetum glaucum
(L.) R. Br.] for resistance to the downy mildew pathogen
Sclerospora graminicola (Sacc.) J. Schrot., which has been
largely funded by the Plant Sciences Research
Programme of the UK's Department for International
Development (DFID), provides a classic example.

In 1990, there were no pearl millet molecular markers,
no marker-based genetic linkage map, and, of course,
traits could not be linked to marker locus positions on a
non-existent map. By 2001, hundreds of pearl millet
molecular markers had been created (Liu et al. 1994;
Allouis etal. 2001; Qi et al. 2001), detailed marker-based
genetic linkage maps produced (Liu et al. 1994 and 1996;
Devos et al. 2000), and using those maps, genomic
positions of quantitative trait loci (QTLs) for pearl millet
downy mildew resistance flagged (Jones et al. 1995 and
2002; Azhaguvel 2001; Kolesnikova-Allen 2001; Breese
et al. 2002; Hash et al. unpublished). What is surprising,
even to the researchers involved, is how many genomic
regions contributing to downy mildew resistance have
already been identified (Fig. 1, see pages 9-12).
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Not only have QTLs for downy mildew resistance
been mapped, but genotypes produced or tested in the
mapping studies have provided a valuable genetic resource.
They are donors of naturally occurring host-plant resistance
genes, and a well-chosen set of lines can differentiate
among many different populations of the causal agent of
pearl millet downy mildew. All of this new information
allows breeders, both now and in future decades of pearl
millet breeding, to incorporate and pyramid resistance
genes into cultivars grown by resource-poor farmers. The
information is widely available and there is little risk ofits
loss. The genetic resources that have been generated are
more fragile, but by appropriate storage and distribution
this crop germplasm can also be a long-term resource for
plant breeding.

Such accumulated knowledge contributes to the speed
of cumulative gains that plant breeding can make. The
extent of this knowledge provides flexibility (different
gene deployment strategies), depth (many genes for
potential pyramiding), and breadth (many geographical
targets).

We describe below the application of these stores of
knowledge to the specific improvement of pearl millet
hybrid HHB 67, which is only grown in India. Although
HHB 67 is, in practice, a public good for India, the
knowledge generated in its improvement is an international
public good.

Figure 1 (see pages 9-12 of this issue). Distribution of pearl
millet downy mildew resistance QTLs across the seven linkage
groups of a consensus skeleton linkage map of the pearl millet
genome. The letter/number combinations above each linkage
group are abbreviated names of anchor loci on the RFLP-based
pearl millet consensus map. The approximate length of each
linkage group is indicated in Haldanc centiMorgans. Each
linkage group corresponds to a pearl millet chromosome pair.
QTLs for downy mildew resistance have been mapped to all
seven pearl millet linkage groups. Colored blocks indicate
approximate genomic positions of downy mildew resistance
QTLs; the color of the block indicates the parental line mat
contributed resistance mapping that position in the pearl millet
genome. Pearl millet downy mildew pathogen populations
(named after the locations from which they were collected)
against which the resistance QTL is effective are listed in the
same color directly below the QTL position. The number that
follows each pathogen population name in the portion of disease
incidence variation in the particular pearl millet mapping
population x pathogen population combination that is accounted
for by the host plant resistance QTL mapping to this position.



Pearl millet downy mildew resistance QTLs
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Pearl millet mapping populations contributing the more resistant allele:

lRed ICMP 85410-P7 Jones et al. (1995)
Blue = LGD 1-B-10

Orange = 81B-P6 Hash et al. (unpublished)
Green = ICMP 451-P8

ISky blue = ICMP 451-P6 Breese et al. (2002)
Plum = H 77/833-2-P5(NT) and Cavan et al. (unpublished)

.Pink = 841B-P3
.Purple = 863B-P2 Hash et al. (unpublished)

.Grey = PT 732B-P2
.Brown = P 1449-2-P1 Hash et al. (unpublished)

.Teal - W 504-1-P1
EGold = P310-17B Kolesnikova (2001)

.Turquoise = IP 18293-P152 Azhaguvel (2001)

.Bright green = P 7-3 Jones et al. (2002)

Sources of pearl millet downy mildew populations (and years of collection) used in
greenhouse disease screens of pearl millet mapping populations used to detect QTLs for
host plant resistance to Sclerospora graminicola:

Screens conducted at the University of Wales, Bangor:
Sosana, Barentu, Eritrea (2000)
Patacheru, Andhra Pradesh, India (1989 and 1994) = PatancheruB
Bamako, Mali (1996)
Sadore, Niger (1996)
Bengou, Niger (1992)
Benin Kebi, Nigeria (1996)
Maiduguri, Nigeria (1991 and 1994)
Nguru, Nigeria (1994)
Doffane & Dimbetaba, Senegal (1992)
Kordofan, Sudan (1997)

Screens conducted at ICRISAT-Patancheru, India:

Jaipur, Rajasthan, India

Jalna, Maharashtra, India

Jamnagar, Gujarat, India

Jodhpur, Rajasthan, India

Mysore, Karnataka, India

New Delhi, Delhi, India

Patancheru, Andhra Pradesh, India = PatancheruP
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Improving Pro-poor Public Goods

Pearl millet seeds are tiny - in one kilogram there are
typically over 100,000 seeds - so farmers need only a
small amount to sow their crop. This makes the more
expensive hybrid seed a profitable option, even for poor
farmers, so it is unsurprising that single-cross hybrids are
now the most widely grown pearl millet cultivar type in
India and they are grown by all categories of farmers.
There are many pearl millet hybrids from private-sector
breeding programs, but hybrids bred in the public-sector,
such as HHB 67 from CCS Haryana Agricultural
University, are also widely grown. This particular hybrid
was released in 1989 (Kapoor et al. 1989) and has many
traits that farmers appreciate, including early maturity
that allows it to escape end-of-season drought stress. It is
probably the most popular public-sector pearl millet
hybrid in India and occupies over half of the pearl millet
area in Haryana (over 300,000 hectares during the rainy
season of 2001). It is grown in rainfed farming systems
where its short duration allows farmers ample time to
prepare land for any following crop grown largely on
residual moisture, such as chickpea (Cicer arietinum L.),
wheat (Triticum aestivum L.), barley (Hordeum vulgare
L.), or oilseed mustard (Brassica sp.).

Pearl millet farmers in India have no public-sector
alternative to HHB 67 in this maturity class, and all private-
sector hybrids mature later than HHB 67. However, its
popularity makes it vulnerable to an epidemic of downy
mildew. In the past, every single highly popular pearl
millet hybrid in India has ultimately succumbed to this
disease. When this happens, farmers not only suffer the
direct losses caused by the epidemic, but they lose the
management options associated with growing their most
preferred hybrid. The hybrid seed industry also faces
economic losses as it takes time to gear up seed production
of the next best alternatives, and for farmers to then
identify which of these best match their needs.

Marker-assisted backcrossing (MABC) has been used
to improve the disease resistance of the parental lines of
HHB 67 (Sharma 2001). MABC is rapid, and more effective
than conventional breeding where it is often impracticable

to deliberately add several resistance genes (so-called
gene pyramiding) into a particular crop genotype. In
conventional breeding, once a single effective resistance
gene is included it is often impossible to detect the
presence of a second without expensive and time-consuming
progeny testing every backcross generation. MABC also
allows the introduction of the resistance genes while,
because of the inherent properties of the backcross
breeding method, ensuring that other genetic changes are
minimal. Indeed, marker-assisted selection can be notjust
for the resistance gene from the donor, but to select for the
original parent genotype over other regions of the
genome that are not tightly linked to the targeted
resistance gene(s). These minimal genetic changes
greatly facilitate adoption by the seed industry and
farmers ofthe improved products. All that is needed is the
replacement of new lines for old in the seed multiplication
chain. This can be done once it is confirmed that: the new
parental lines have better disease resistance; are otherwise
identical to the old lines as far as seed certification is
concerned; and that the new version of the hybrid performs
at least as well as the old. This may sound complicated but
it is much faster and easier than releasing a new hybrid
that requires more extensive trials and complex and
uncertain release procedures.

MABC provides a new model for hybrid breeding -
incremental breeding - rather than relying on the chance
results of random re-assortment of genes from crosses.
The process of building on a successful public-sector
hybrid need not end by simply ensuring it does not
succumb to a downy mildew epidemic. MABC can be
applied for other traits to produce further incremental
improvements in a popular hybrid such as HHB 67. Over
time, more and more desirable traits can be added, and the
hybrid becomes closer and closer to the farmers' ideal.
The crucial advantage of building on an already popular
hybrid is that the process is participatory. Farmers have
demonstrated demand by voting with their cash when
they buy the hybrid seed, and incremental gains can be
made for any weaknesses identified by farmers or the
seed industry.

Table 1. The pearl millet hybrid seed multiplication chain (after Khairwal et al. 1990).

Stage Year

Season Responsibility

1. Parental line Breeder Seed

2. Parental line Foundation Seed

3. Certified Hybrid Seed production
4. Certified Hybrid Seed use

N N o o

Breeder
Seed producer
Seed producer

Summer season
Rainy season
Summer season

Rainy season Input suppliers & farmers
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What Is Needed to Now Deliver Improved
Versions of HHB 67 to Farmers?

The simplest option for getting seed of improved versions
of HHB 67 to farmers would be to replace the seed without
following release procedures. Local seed laws permitting,
all that is required is to simply replace the seed lots that
are used for Breeder Seed production of the hybrid
parental line(s), and the improved version of the hybrid
will reach farmers through the seed multiplication chain
18 months later (Table 1).

This strategy has been possible in India for private-
sector seed companies that produce ‘'truthfully labeled'
seed, the quality of which is marketed on the strength of
the companies' reputations rather than by employing
government-supported seed certification. Following positive
perceptions of farmers in on-station and on-farm trials in
2001, this replacement process could begin within the
private sector in 2002. Seed of the new versions would
then first reach farmers in the rainy season of 2003.

However, for hybrid seed multiplied and marketed by
private and public seed production agencies that rely on
government-supported seed certification to ensure seed
quality, this substitution of the improved version for the
original is delayed for at least one year for field trials. The
field trial data are then used to support the official release
of the new version of the hybrid. The release documents
include revised descriptions of the parental lines for seed
certification purposes. In this case, the shortest possible
path for the new hybrid to reach farmers would involve
rainy season trials in 2001 and 2002 followed by a state
release proposal in early 2003. By simultaneously producing
Breeder Seed of the new versions of the hybrid parental
lines during the summer season of 2003, Certified Hybrid
Seed of the new versions of HHB 67 could first reach
farmers in the rainy season of 2004.

Indeed, initial field trials have documented that some
of the improved versions of HHB 67 actually are superior
to the original for traits other than downy mildew
resistance - the original target of our marker-assisted
backcrossing program. For example, multilocational
trials of hybrids produced with two new versions of the
pollinator suggest that grain yield gains of 15% may have
been achieved while simultaneously making significant
improvements in downy mildew resistance without
adversely affecting the early maturity of HHB 67 that
farmers appreciate so much. This is a yield gain of 3% per
annum, over and above the returns from improved disease
resistance, in a breeding program that did not target grain
yield improvement perse. This is remarkable, because yield
gains from conventional yield-focused hybrid breeding
are typically on the order of 1-2% per year.

This is a novel and systematic way for plant breeders
to generate positive variation for economic yield in very
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elite, farmer-accepted genetic backgrounds. The genetic
integrity of the hybrid parental lines of HHB 67 has
largely been maintained by the backcrossing process, and
the donor parents have contributed genomic segments
conferring improved downy mildew resistance, along
with genomic regions tightly linked to those conferring
improved downy mildew resistance. In at least some
cases, resistance donor parent alleles in genomic regions
tightly linked to the downy mildew resistance genes
contribute positively to grain yield, even in the absence of
disease, and these favorable variants have been detected
and selected from conventional line x tester experiments
conducted as multilocational yield trials.

Now we are set to start targeting QTLs that are expected
to confer increased grain and stover yields. For example,
we have already used a morphological marker that is
tightly linked to a gene for a flowering-date-indcpendent
increase in plant height to increase the straw yield of
HHB 67, which is identified by farmers as one of the few
weaknesses of this popular hybrid. In addition, we have
just completed transfer to the male parent of this hybrid a
genomic region expected to confer enhanced tolerance to
terminal drought stress. Hybrids produced with these new
versions of the male parent will be screened under a range
of drought stress regimes during 2002.
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Improving Pearl Millet
Drought Tolerance
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Quantitative trait loci (QTL) have been identified for
drought tolerance of grain yield in pearl millet (Yadav et
al. 1999 and 2002). Marker-assisted selection (MAS) is
being used to develop improved parental lines by
introgression of QTLs into a homozygous inbred line
background for the subsequent production of improved
hybrids (marker-assisted back crossing), and by transforming
them into topcross pollinator populations that are more
heterogeneous than inbred lines. Until - and unless - it is
clearly demonstrated that the incorporation of these
QTLs into elite breeding lines will significantly enhance the
performance of cultivars based on those lines, the benefits
of these QTLs are unlikely to ever reach farmers' fields.
Three topcross pollinator populations (TCPs) were
developed by selecting and inter-mating individual genotypes
from within the F,4 mapping families of a pearl millet
population used for mapping QTLs for drought tolerance
(Fig. 1). The three TCPs produced were selected according
to the following methods and criteria:
Marker-assisted selection: genetic composition at the
drought tolerance QTL (to constitute a MAS-based
TCP);
*« Phenotypic selection: field performance (best 16) in
the drought trials used to identify QTLs (to constitute a
phenotype-based TCP); and

16 random F4

16 F4 progenies i

selected for field
performance in
drought trials

16 F4 progenies
selected for presence
of drought tolerance
QTLs

1 ¢ !

Check for fertility restoration

! | !

Recombine
| mas Tcp | | Phenotype TCP | Random TCP

Cross with 12 'A'lines

1 H |

RandomTCH1...12 |

[ MASTCH1..12 | | PhenotypeTCH 1-12 |

Figure 1. The scheme used to test marker-assisted selection for
pearl millet QTLs controlling drought tolerance using topcross
pollinators. Topcross pollinators based on phenotypic and
random selections are controls for the pollinator based on
marker-assisted selection.
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Figure 2. Grain yield performance of pearl millet hybrids made
between three topcross pollinators and male-sterile line ICMA
92777 in a range of summer season drought nursery moisture
environments, ICRISAT 2001.

* A random control: a random sample from within the
mapping population (to constitute a random TCP).

The three TCPs were subsequently used as pollinators
on 12 A-lines (male-sterile lines) to produce topcross
hybrids, as shown in Figure 1. Compared to hybrids of the
phenotype and random TCPs, the MAS TCP hybrids had
better drought tolerance indices and grain yields (Fig. 2)
in the drought-stress environments, although they had a
lower yields in the irrigated control environment. Selecting
simply on the basis of field performance under drought
was ineffective, but MAS was able to produce improvement
in this character, which is notoriously difficult to breed
for using conventional methods.
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At a time when most of the world still viewed molecular
technology as a luxury, for use only with major staple
crops, a DFID-JIC-ICRISAT project anticipated as early
as 1991 the application of molecular diagnostics in the
breeding of orphan crops for developing countries.

The first molecular marker-based genetic linkage map
of pearl millet [Pennisetum glaucum (L.) R. Br.] was built
with restriction fragment-length polymorphisms (RFLPs),
the marker system of choice in the early 1990s (Liu et al.
1994). This map has served as the base for subsequent
pearl millet marker-based studies at J1C (Busso et al.
1996, 2000; Devos and Gale 2000; Devos et al. 2000; Liu
etal. 1996, 1997). The RFLP framework in the consensus
map now available (Fig. 1, see pages 18-19 of this issue)
is based on 173 (out of 500 available) mapped Pstl
genomic clones from inbred line Tift 23DB, which has
now become the base genotype for pearl millet molecular
genetics. The clones are available as DNA or, in some
cases, as DNA sequences, and have been distributed
freely worldwide.

ICRISAT was able to build one of the very early
molecular marker facilities in the CGIAR system in the
early 1990s, and has used this facility for pearl millet
diversity assessment (Bhattacharjee et al. 2002), mapping
population skeleton map construction (Azhaguvel 2001;
Kolesnikova-Allen 2001), and marker-assisted backcrossing
(Sharma 2001). The markers and maps have also been
used at CAZS and IGER in the UK, Universite d'Orsay in
Paris, and Tifton in the USA, to map and tag genes
controlling important traits in the pearl millet crop. These
include downy mildew resistance (Jones et al. 1995 and
2002; Azhaguvel 2001; Kolesnikova-Allen 2001), foliar
disease resistance (Morgan et al. 1998), drought tolerance
(Yadav et al. 2002), plant height (Azhaguvel 2001),
flowering time, and the multiple phenotypic changes mat
occurred when pearl millet was domesticated - the so-
called 'domestication syndrome' (Poncet et al. 2000, 2002).

Molecular marker technologies have moved on,
particularly with the development of the polymerase
chain reaction (PCR) that allows the rapid and inexpensive
amplification of small quantities of DN A precisely targeted
to known regions. The amplification commences from
small lengths of DN A of known sequence known as primers.



Depending on the primers, different segments of DNA are
amplified in the PCR reaction. The program was quick to
develop the first microsatellite markers (simple sequence
repeats - SSRs) in pearl millet (Allouis et al. 2001; Qi et
al. 2001). Some 100 markers, of which 60 are mapped
(Fig. 1), are now available either as DNA primers for
laboratories without the facility to make them themselves,
or as DNA sequences of the flanking regions of the SSR.
A silver-staining detection system has been developed
that is more suited for SSR applications in developing
countries because it does not require the use of
radioactive labeling. We aim to continue development to
about 200 SSRs but are already anticipating the next
technological development, single nucleotide polymorphism
(SNPs) for application in pearl millet (Fig. 2), which can
also be handled by PCR.

The uptake of molecular marker technology at ICRISAT
is central to the program, not only for applications in the
breeding program, but also as a developing country-based
test bed, and as an intermediate technology for further
transfer to commercial and national laboratories in India
and Africa. Recent work with the new SSR markers has
determined that optimum working conditions - for
example, amplification regimes and Mg" levels - can vary
markedly with locally supplied chemical resources.

The development of the pearl millet maps and markers
has provided a nucleus around which other millet resources
and technologies have been developed. Among these is
the first pearl millet bacterial artificial chromosome (BAG)
library (Allouis et al. 2001). This library is necessary for
experiments that identify the precise location of particular
pearl millet genes in order to be able to clone them.

The very first UK plant genome database is MilletGenes,
which is based at JIC. MilletGenes was initiated with
DFID funding and has now been incorporated into the
BBSRC-funded UK CropNet programme. MilletGenes
collates all genome related data - maps, markers, DNA
sequences and images - on pearl millet, finger millet
(Eleusine coracana Gaertn.), foxtail millet [Setaria italica
(L.) P. Beauv.], and tef [Eragrostis tef (Zucc.) Trotter], a
related crop of importance in Ethiopia. Among the new
technologies is genetic transformation of pearl millet,
achieved both in a small PSP-funded project at Bangalore
in India, in an EU-INCO project at the University of

Hamburg, Germany, and at Foodtek in Pretoria, South
Africa.

Integration of the Pearl Millet Map in the Grass
Consensus Map

Today we know quite a lot about the 2,400 million base-
pair Pennisetum glaucum genome. The seven chromosomes
that make up the haploid complement are well mapped
and have an unusual profile in which recombination is
exceptionally biased towards the chromosome ends. As
with other 'diploids' we are detecting several ancient
duplications in the genome, and some 28% of the RFLP
probes map to more than one locus. Some of the linkage
groups now include the chromosome ends (the telomeres),
although alignment with the cytological map has still to
be achieved.

These results show complex relationships, within
which can be detected the now classical evolutionary
translocations that define the Andropogonae group within
the grasses. These alignments are quite adequate to allow
the rice genomic sequence, which is now becoming
available, to be applied directly to pearl milletimprovement.
A comparative analysis of the small foxtail millet genome
(C=450 Mb), a member of the Paniceae tribe which also
includes pearl millet, with rice (C=400 Mb) revealed a
simple relationship between the chromosomes of the two
species (Devos et al. 1998). The larger pearl millet
genome, on the other hand, appears to have undergone
many rearrangements relative to foxtail millet and rice
(Fig. 3, see color plate on page 21 of this issue) with the
maps of rice, although gene orders have remained
conserved within each of the translocated segments
(Devos et al. 2000). Most of these rearrangements are
likely to be specific to pearl millet. However, at least two
could be identified that are common to all Panicoideae
species analysed to date. Nevertheless, since both foxtail
and pearl millet belong to the same tribe, it is clear that
some species undergo and fix rearrangements more
readily than others, and that the number of gross
structural rearrangements alone is not a measure for
evolutionary divergence. The comparative data further
demonstrated the presence of a major duplication between

Figure 1 (see pages 18-19 ofthis issue). Updated JIC consensus map for pearl millet showing distribution of RFLP, SSR and isozyme
loci across seven linkage groups and a linkage fragment. Because this is a consensus map derived from several mapping populations, not
all markers are mapped against one another and therefore some markers are positioned with less precision than others. Black bars to the
right hand side and green bars to the left hand side of each linkage group indicate the limits of precision of placement of some markers.
The chromosomes of pearl millet (Pennisetum glaucum, 2n = 2x = 14) are now well mapped with restriction fragment length
polymorphism (RFLP in black), sequence tagged site (STS in red) and microsatellite (SSR in green) markers. The markers are used both
by breeders for marker-aided selection of genes controlling agronomic traits, and also by researchers for discovering new agronomic

genes and for map-based gene isolation.
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regions of pearl millet linkage groups 1 and 4. The same
duplication is present in rice and foxtail millet, and must
therefore predate the divergence of the Panicoideae and
Oryzoideae subfamilies. The integrated maps can now be
exploited for a range of applications, including gene
prediction, fine-mapping, identification of candidate genes,

and elucidation of metabolic pathways.

Applications

Knowledge of the relationship between the pearl millet
genome and those of other grass species has many
applications. Firstly, the number of markers available for
genetic studies has greatly increased. The availability of
comparative maps will allow the use of sequences from
the target species as well as genes from other grasses as
probes in mapping and tagging studies. Secondly, since

conserved colinearity extends to genes controlling key
traits, comparative genetic maps may be used to predict
the presence of genes. Extrapolation and prediction from
one species to another will benefit all crop plants, but
especially those 'orphan' species for which only limited
genetic information is available. Comparative genome
analysis provides a link between genetics and taxonomy.
The occurrence of genome rearrangements that are common
between some species and differentiate others are good
indicators of phylogeny. It may also pave the way to gene
isolation in pearl millet. The high degree of colinearity
level between grass species
irrespective of their total DNA content,
promoted the use of small genome species such as rice
and sorghum as intermediates for map-based cloning of

that exists at the gene
has already

genes in large genome species such as wheat and maize
(Kilian et al. 1995; Foote et al. 1997; Chen et al. 1997).

ICMP S01 GTTICTIT CATTCTTTCAAANTGTATCTATCTATAT BOGTRAACGTAGTGTL
Tifr 23DE @TTTCTT CATTCTTTCAARGTETATCTATCTATAT SGTAACGTAGTAT
ICHMP B5410 GTTTCTT CATTCTTTCAARGTGTATCTATCTATNT BCGTAACGTRG C
LGD 1-B-10 GTTTCTT CATTCTTTCAAAGTGTATCTATCTATAT @CSTAACGTASTOTC
P7-3 GTTTCTT CATTCTTTCAARGTGTATCTATCTATAT BOSTAACGTAGTOTS
PT T33B GITTCIT ATTCTTTCARMGTGTATCTATCTATAT BOCTAACGTAGTGTE
TO0481 GTTTCTT CATTCTTTCAAMETGTATCTATCTATAT BCOTAACGTAGTETS
ICMP 451 GTTTCIT CATTCTTTCAARGTGTATCTATCTATAT WMOGTAACGTAGTGTT
B438 CATTCTTTCARA TATCTATCTATAT BCOGTRACGTHGHOTE
Tift 383 TTCTTTCAAAGTOTATCTATCTATAT BCGTARCGTRATGTI
BlB CATTCTTTCAAAGTGTATCTATCTATAT POETAARCETAGTLTL
H 77/833-2 GCATGTCO CATTCTTTCAARGTGTATCTATCTATAT @CGTAACGTAGTATC
IP 10401 TTTCAARSTSTATCTATCTATAT 'L‘LTI'M COTAGTGTL
IF 10402 AGJGTATCTATCTATAT ICGTM’:GTF‘«GWTF
B&1E ACTGTATCTATCTATAT @CCTAACATAGTOGTL
IF B214 AGTGTATCTATCTATAT BCGTRACGTARGTITE
Pl445-2 AGTGTATCTATCTATAT BCGTAACGTAGTGTC
ICHP 501 TARTATATA G TATATTITCTITTTITATTTGTTCAL . TTGS
Tift 23D8 TATATATATATATATAT AT T TS T T IO T T T e TOTC TC TR T AT TTCTT I T TTTATHNHGHRCAL . THEG
ICMP BS410 TATATATATA TGTCTGTGTGTG STATTTCTITITTITATTTGTTCAC . TTGG
LGD 1-B-10 TATATATA TS JICATATTTCTTTTTTTATTTGTTCAC . TTGA
P7-3 TATATATA el TATATTICTITTITTATITGTTCAC. TTGE
PT T32B TATATATA GT3 ATATTTCTTTTTITATTTGTTCAC .. TTGd
TOO481 TATATATA TG TATATTTCTTTTTITATTTGTTCAC . TTGG
ICMP 451 TATATATA G TATATTTCTTITITTATITGTTCAC . TTGG
B4 3B TATATATATATATA TG TATATTTCTTTTITTATTTGTTOAD . TTGG
Tift 383 TATATATATA GTGTGTGTGIG «« TATTTCTTTTTTTATTTGTTCAC . TTGG
A1E TATATATATATA TaTsTaTaTeTeTeTRTSTeTa TG TGMNCAC . TGS
H 77/833-3 TATATARTA TG T.P.'L‘P.':‘TTC‘J"ITT‘I'.’T.F.T’TTGTTCAGTTGG
1P 10401 TATATATA Ta CTATATTTCTTTTITTATTTGTTCAC . TTGGE
1P 10402 TRTIL'I‘&TA.TA':‘ATJ\TF.TATLTI‘G‘IG'?S’TGTLTTGTGT‘GTH'TGTGTGT‘.TAT‘I’TCT’I‘I"I‘I?-FTRTTH]TTFAF. TTGES
B3R TATATATA TG . TATATTTICTTTTITTATTITGTTCAC . TTGO
IP B214 TATATARTA TG TATATTTCTTTTITIATTITGTICAC . TTGG
Fla45-2 TATATATA TG TATATTTCTTTTTTTATTITGTTCAC. TTGG

Figure 2. Single nucleotide polymorphism (SNPs) in pearl millet inbred lines. Molecular marker technology has moved on from the
early days of restriction length polymorphisms (RFLPs), which are slow and expensive to apply, to simple sequence repeats
(microsatellites or SSRs), which can be analyzed on automatic sequencing machines. We are now anticipating the next generation of
markers, SNPs. In this DNA sequence analysis of 17 pearl millet inbred lines, variation in tandem repeat number at a microsatellite locus
is shown (different numbers of TA and TG di-nucleotide repeats) along with SNPs and 'indels' (inserted or deleted base pairs shaded) in
the flanking DNA sequence. SNPs are amenable to yet faster and more economic analysis than SSRs.
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B Rice
B Foxtail millet
B Pearl millet

Figure 3. Relationships among the genomes of rice, foxtail millet and pearl millet based on comparative RFLP mapping studies (Devos
et al. 1998, 2000). Rice chromosomes (in red) are numbered from 1 to 12 with arabic numerals. Foxtail millet linkage groups (in pink)
are numbered with roman numerals and pearl millet linkage groups (in blue) are numbered with arabic numerals. Hatched areas indicate
regions with little available comparative data. Red triangles indicate telomeres, double-headed arrows show inversions, and single-
headed arrows denote evolutionary translocations. In pearl millet, due to the large number of rearrangements relative to rice, the majority
of the arrows are omitted. The dotted arrow indicates the rice 11S/12S duplication.
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Variation in Sclerospora graminicola
Detected with RAPD-PCR
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Introduction

Downy mildew, caused by the obligate pathogen Sclerospora
graminicola (Sacc.) J. Schrot., is the most damaging disease
of pearl millet [Pennisetum glaucum (L.) R. Br.] (Singh
1995). Study of this host-pathogen system is complicated
as both the host and pathogen are allogamous in nature.
We currently use oosporic inoculum to initiate multiplication
of pathogen isolates for greenhouse screening of host
populations (as potted seedlings). The isolates used for
screening are therefore expected to contain variable
frequencies of different virulence phenotypes, which
could account, at least in part, for the quantitative nature
of the screening results obtained (e.g., Jones et al. 1995).
The current study was undertaken to characterize
variation among and within populations of S. graminicola
in order to identify single genotypes for use in screening
pearl millet host populations for downy mildew
resistance. The ultimate aim was to refine the screening
technique for pearl millet downy mildew by using
genetically uniform, characterized pathogen isolates to
allow more precise mapping of quantitative trait loci for
host plant resistance.

Random amplified polymorphic DNA (RAPD) markers
(Williams et al. 1990) were used to characterize the
pathogen isolates. This simple technique, based on the
polymerase chain reaction (PCR), was chosen because it
requires only small amounts of DNA, it is reportedly
robust if PCR conditions can be appropriately optimized/
standardized, and there is a plentiful supply of inexpensive
arbitrary primers.

Sources of DNA for RAPD-PCR Fingerprinting
of S. graminicola

DNA samples isolated from zoospores, infected host
plants, and healthy host plants were compared as template
for RAPD-PCR in order to ascertain whether the DNA in
infected plant tissues could be used forreliable fingerprinting
of S. graminicola isolates. DNA samples from infected
plant tissues gave banding patterns much more like those
from zoospore DNA than those from DNA of healthy
plants (Fig. 1) indicating that DNA samples from infected
host tissue can be used for initial RAPD-PCR fingerprinting

of S. graminicola. Hoewever, the remainder of this study
was based on DNA samples isolated from zoospores.

RAPD Markers Detect Polymorphism between
S. graminicola Populations

A selection of polymorphic 10-mers were first identified
and 11-mers based on these selected 10-mers were then
tested. These 11-mers were even more polymorphic than
the selected 10-mers (Table 1).

Data from RAPD analysis was used to test two
hypotheses about variation among populations of S.
graminicola. The first of these hypotheses was that Indian
and African populations of the pearl millet downy mildew
pathogen are distinct. The second was that relatedness
between populations of this pathogen decreases with
distance. 5. graminicola populations obtained from India
(14), Senegal (1), Niger (1) and Nigeria (4) were used to
test the first hypothesis. Results obtained indicate that

7 8 9 m

m 172 3 m 4 5 6 m

Figure 1. RAPD marker banding patterns detected by primer
OPY20 wusing template DNA isolated from Sclerospora
graminicola zoospores (lanes 1, 4 and 7), infected plants (lanes
2, 5 and 8) and healthy plants (lanes 3, 6 and 9). Pathogen
populations used were from Gashua (lanes 1 and 2), Maiduguri
(lanes 4 and 5) and Nguru (lanes 7 and 8), Nigeria, m =
molecular weight markers.
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differences in RAPD banding patterns (Fig. 2) can be
used to characterize variation between populations for S.
graminicola from India and from Africa. Cluster analysis
of the RAPD banding pattern data set demonstrated that
the African populations of this pathogen were largely
distinct from those from India, and that the degree
relatedness between populations of this pathogen often
decreases with distance (Fig. 3).

RAPD Markers Detect Variation within
Populations

To test for within-population variation, an attempt was
made to generate single-oospore isolates of S. graminicola
from Patancheru (ICRISAT) in India, and assess these for
RAPD banding pattern differences. The working hypothesis
for this experiment was that every oospore is a zygote
with a unique genotype, and that if a pearl millet seedling
is infected by a single oospore and the pathogen is then
maintained asexually, that it would be genetically
uniform. Such genetically uniform pathogen isolates

Markar
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Rahuri
Bambrar
Bhadgaon
Veslad
K.Bhima
Kaudal
Sik rapur

D

Durgapur

could be useful in detecting qualitative gene-for-gene
differences in disease reactions of genetically uniform
host entries. Pathogen isolates likely to be the result of
host seedling infection by single oospores were obtained
by sowing a highly susceptible host in compost
containing a very small quantity of oosporic inoculum,
and asexually propagating individual isolates from
treatments

having low infection frequency (<1%).

Table 1. RAPD polymorphism detected by thirteen 10-mers
and their derived 11-mers among Sclerospora graminicola
populations from Dioffior, Senegal, and Kaudal, India.

Polymorphisms

Primers Amplified per primer
10-mers 11 5.36
10-mer + A 9 7.22
10-mer+C 1 6.64
10-mer + G 12 6.17
10-mer + T 12 6.58
8 = 5 E
-] E = m -

< E .
2 E E s 8 2 2 a g 2 g
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Figure 2. RAPD banding patterns detected with 11-mer OPY02A between 20 populations of the pearl millet downy mildew pathogen
Sclerospora graminicola from India and Africa.
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Figure 3. Dendrogram showing relationships, based on banding
pattern differences detected using 34 RAPD primers, between
20 populations of the pearl millet downy mildew pathogen
(Sclerospora graminicola) from India (14 populations) and
Africa (6 populations).

m 1 23456 789 101112131415 m

- - o -
b b4 1 1]
- _

—

- - - Y
=__ — N - - -
-

Figure 4. RAPD banding patterns detected with primers OPA10 +
M13F between 15 putative single-oospore isolates from the
ICRISAT-Patancheru population of Sclerospora graminicola.

Individual single-oospore isolates obtained by this
procedure are expected to have a single mating type, and
hence not be able to undergo sexual recombination that is
a pre-requisite for forming a subsequent generation of
oospores. PCR using RAPD primers allowed detection of
differences between 15 putative single-oospore isolates
obtained using oosporic inoculum from the ICRISAT-
Patancheru population of S. graminicola (Fig. 4), and
these RAPD banding pattern differences were used to
generate a dendrogram showing the relationships between
these diverse isolates (Fig. 5).

RAPD Markers Detect Selection Response

Once a pearl millet downy mildew isolate has been obtained
by infecting a susceptible host using heterogenous oosporic
inoculum, it is maintained asexually by serial transfer to
successive host plants. Assuming that more than one
oospore is involved in initiating the pathogen isolate, it is
hypothesized that the fittest pathogen genotypes will be
selected and that there will be a gradual reduction in
diversity within the isolate. We tested this hypothesis by
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Figure 5. Dendrogram showing relationships, based on banding
pattern differences detected using 22 RAPD primers, between
15 putative single-oospore isolates from the ICRISAT-Patancheru
population of Sclerospora graminicola.
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comparing RAPD banding patterns over three successive
asexual generations of zoospores following initiation of
infection with an oospore population of S. graminicola.
Figure 6 shows that some bands increased in intensity
while other bands decreased in intensity across the
asexual generations, with an end result of fewer and more
sharply defined bands in the third generation. This indicates

OPA18 OPAO04C OPAO04A

m 1 2 3 1.2 3 12 3 m

Figure 6. Changes in RAPD banding patterns obtained with
three primers (OPA18, OPC04C and OPAO04A) over three
successive generations of asexual zoospores obtained from an
initially heterogenous oosporic isolate of the pearl millet downy
mildew pathogen, Sclerospora graminicola.

26 ISMN 42, 2001

that the initially variable pathogen isolate did indeed
respond to selection while being maintained asexually on
the susceptible host and diversity within the isolate
declined over time. Development, maintenance and use of
genetically uniform pathogen isolates, such as single
oospore isolates, should minimize the problems that
could be caused by host-directed selection during
maintenance of genetically variable pathogen isolates.

Conclusions

The results obtained in this study indicate that RAPD-
PCR detects variation within and among populations of
the pearl millet downy mildew pathogen 5. graminicola.
Under stringent PCR conditions, 11-mers will provide good
fingerprints for single pathogen genotypes of known
virulence phenotype used for screening pearl millet mapping
populations, allowing monitoring of pathogen isolate
uniformity across screens.
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A genetically stabilized sorghum dwarf mutant was
obtained through tissue culture of scutella cells from tall
sorghum pure-line S401-1. The genetics and cytology of
this dwarf mutant were studied.

A 3:1 ratio of tall vs. short plants was observed in the
F, generation of the cross dwarf mutant x S401 -1, fitting
the expected Mendelian ratio if short plant height is
controlled by recessive alleles at a single locus (Fig. 1).
Similarly, a 9:3:3:1 ratio was observed for tall plants with
broad leaves:tall plants with narrow leaves:short plants
with broad leaves:short plants with narrow leaves, fitting
the expected Mendelian ratio for inheritance controlled
by two independently segregating genes. Goodness of fit
of the observed segregation patterns to the expected
Mendelian ratios were evaluated with a x* test, and all
were non-significant (Table 1). The reduced leaf width

10+ \
100 120 140 160 180 200 220 240
Plant height (cm)

40 60 80

Figure 1. Frequency distribution of plant height in the F,
generation of Ms/401-1.

and plant height of the dwarf mutant line are thus
controlled by two independently segregating nuclear
genes. One of these two loci controls plant height itself,
and homozygosity for the recessive allele at this locus
results in short plants. The second locus controls the size
of plant organs, and perhaps a pleiotropic effect on plant
height and homozygosity for the recessive allele at this
locus results in reduced plant size. Homozygosity for the
recessive alleles at both of these two loci is responsible

for the dwarf phenotype of the mutant line.

Possible reasons for the dwarfphenotype of the mutant
plants were assessed cytologically. Results indicated that
the cause of dwarfening
elongation, not a reduction in cell number.

is hindrance of plant cell

Table 1. Chi-square test of leaf width and plant height segregation patterns in the F, of Ms/401-1, and mean plant heights of the

four phenotypic classes.

Phenotypic classes

Plant height Tall Tall Short Short
Leaf width Broad Narrow Broad Narrow Total NG P
Observed 149 49 60 21 279 1.371 >0.5
Expected (9:3:3:1) 168.81 54.94 54.94 18.31 279
Plant height (cm) 191.5 175.7 114.0 99.1
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Sorghum [Sorghum bicolor (L.) Moench] is known for its
drought resistance and adaptation to the semi-arid zones
of the world. In South Africa and elsewhere, sorghum is
grown in some of the poorest and most drought-prone
regions. Due to low yields, smallholder sorghum farmers
are net grain buyers in most years (Rohrbach 1998). Since
the 1990s new, high yield potential sorghum varieties and
hybrids have been in Zimbabwe, but no

increase in average yields was observed (Rohrbach 2000).

introduced

In South Africa, yield increases were observed due to
the introduction of sorghum hybrids during the 1970s, but
commercial farmer average yields remained stagnant
during the 1980s and 1990s (Fig. 1). The stagnancy
prevailed although many South African and international
seed companies continuously introduced new hybrids.
The question now arises whether common causes are

responsible for the Zimbabwean and South African
scenarios. High potential cultivars may not be suitable for
low-rainfall, low-input farming systems or low potential
areas in general.

More than 50% ofthe South African commercial sorghum
is grown in the northern Free State region. The rainfall for
February, measured at the Viloenslaagte weather station
(located within the major sorghum production area in
South Africa), explained 65% of the national sorghum
yield variation, and the rainfall for November to March,
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Figure 2. Relationship between national average sorghum grain
yield in South Africa during the 1983/84 to 1993/94 seasons and
within-season (November to March) rainfall observed at
Viloenslaagte within the major sorghum production area in
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Figure 1. Changes in sorghum grain yields in South Africa from 1962 to 1997 expressed as means of three-year periods.
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explained 74%. Hence, there can be no doubt that moisture
is the most important determinant of average sorghum
yields and that February is the most critical month. Most
sorghums are in the flowering and seed development
stages at that time.

By using the upper boundary line, the line representing
the best performance under the prevailing conditions
(Fig. 2), the following conclusions can be drawn. Firstly,
the highest extrapolated average sorghum yield is estimated
to be below 4 t ha' under near-optimum conditions (800
mm rain). It can be assumed that a less drought-resistant
crop (a crop with higher yield potential), such as maize,
would do better under these conditions. Secondly, the
magnitude of the deficiency in yield can be assessed.
Causal factors such as poor rainfall distribution can be
quantified. Thirdly, the total commercial harvest (TH) can
be predicted from the total acreage planted and rainfall
records until the end of March, or for the month of
February only by the equation:

TH = ((0.02 x rainfall®’®*) x acreage planted), iftotal within
season rainfall is considered (r* = 0.74) or TH = ((0.732 x
rainfall°'248) x acreage planted), if total February rainfall is
used (r? = 0.65).

An early estimate of the season's total harvest may be of
value to the sorghum market.

Since high yield potential cultivars are expected to
have low drought resistance, such cultivars may not be the
best options for areas with low potential yields.
The discrepancy usually found between on-station yield
potentials and on-farm vyields indicates that cultivars
selected under optimal conditions may not be adapted
under low-input conditions. Moisture stress is the most
important factor limiting potential yields. In order to
increase average sorghum yields in South Africa, drought
resistance may be an attribute of greater importance than
yield potential. Wenzel et al. (1999) have suggested a
selection index that includes selection for intermediate
drought resistance followed by selection for vyield
potential. Selection for maintenance of green leaf area
was suggested by Borrell et al. (2000).
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Introduction

Crop production under intensive cultivation without
replenishment of requisite amounts of nutrients leads to
negative soil nutrient balances. Further increases in food
production must be attend by judicious use of production
factors and efficient use of all major sources of plant
nutrients in an integrated manner to maximize economic
yields and at the same time improve soil health. Use of
FYM (farm yard manure) and compost for crop
production is an age-old practice in India. Importance or
usefulness of organic manures along with chemical fertilizers
in soil sustainability has been recently emphasized by
Katyal (2000). Besides improving physical, chemical and
biological properties of soil, organic matter application
also affects levels of micronutrients that are gaining
considerable importance in present day agriculture. The
present work is an attempt to study the impact of FYM
and nitrogen fertilizer (urea) on various soil properties
and yield of sorghum [Sorghum bicolor (L.) Moench].

Materials and Methods

A field experiment was conducted on a Vertisol (Typic
Haplustert) at Sorghum Research Station, Parbhani, in the
postrainy season on a fixed site in split-plot design during
1997/98 to 2000/2001 with two levels of FYM (0 and 5 t
ha™"), four levels of nitrogen (80, 120, 160 and 200 kg ha™)
and two sorghum genotypes (SPV 1359 and SPV 504).
The 16 treatment combinations were replicated thrice.
The initial experimental soil was clay in texture (54%
clay), moderately alkaline in reaction (pH 8.2), and
normal in salt content (EC 0.90 dS m™"). It contained 5.7 ¢
kg™ organic carbon and 220 kg ha' N, 10.1 kg ha™' P,0s
and 332 kg ha' K,O. DTPA-extractable Fe, Zn, Mn and
Cu in the soil were recorded as 4.58,0.87,13.15 and 2.30
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mg kg respectively. Each postrainy season organic
manure (FYM) was incorporated in the soil before
sowing of the crop and the graded doses of N and
recommended doses of other fertilizers (40:40 P,05 and
K,O kg ha'1) were applied through straight sources at the
time of sowing. Initially as a bulk, and after completion of
three seasons, the soil samples were collected from each

experimental plot, processed and analysed by standard
procedures.

Results and Discussion

The results related to grain, fodder yield of sorghum and
various soil properties (Table 1) indicate that grain and

Table 1. Grain and fodder yield (t ha™') of sorghum and physico-chemical properties of soil as influenced by various treatments.

Grain yield Fodder yield EC Organic C N P,0s5 K,0
Treatment (t ha™) (t ha™) pH (ds m™) (g kg™ (kg ha™) (kg ha') (kg ha™)
FYM application
No FYM 4.12 6.11 8.08 0.89 4.9 258 12.1 334
FYM@5t ha™ 4.58 7.08 7.98 0.89 6.0 329 16.3 364
SE(%) 0.05 0.11 0.09 0.003 0.08 113 0.09 0.46
CD at 5% 0.16 0.36 NS NS 0.27 3.49 0.30 142
N levels
80 kg ha™ 4.24 6.36 8.04 0.90 5.2 265 12.3 344
120 kg ha” 4.50 6.44 8.02 0.89 5.6 283 13.4 345
160 kg ha” 4.46 7.13 8.04 0.89 5.5 300 14.5 351
200 kg ha™ 4.19 6.44 8.01 0.88 5.6 326 16.7 356
SE(%) 0.76 0.16 0.12 0.004 0.12 1.60 0.14 0.65
CD at 5% 0.22 0.50 NS 0.012 NS 4.93 0.43 2.01
Genotypes
SPV 1359 4.88 7.23 8.03 0.91 5.3 296 14.8 357
SPV 504 (Swati) 3.81 5.96 8.03 0.86 5.6 291 13.6 342
SE(t) 0.07 0.09 0.09 0.003 0.08 1.18 0.09 0.57
CD at 5% 0.18 0.27 NS 0.010 0.26 3.52 0.27 1.71

NS: Not significant.

Table 2. DTPA-extractable soil micronutrient (mg kg™) and microbial population (x 10*) as influenced by various treatments.

Treatment Fe Zn Mn Cu Bacteria Fungi Actinomycetes

FYM application

No FYM 4.7 0.8 14.4 23 122 131 110

FYM@ 5t ha 5.0 12 19.0 25 127 14.1 119
SE(%) 0.02 0.02 0.02 0.02 0.26 0.06 0.06
CD at 5% 0.08 0.07 2.06 0.06 0.80 0.18 0.20

N levels

80 kg ha™ 4.7 10 15.3 23 122 135 112
120 kg ha’ 4.7 1.0 15.8 23 121 13.5 116
160 kg ha™ 5.0 11 17.2 2.4 126 13.6 113

200 kg ha™ 5.0 1.1 18.4 2.4 126 13.8 116
SE(%) 0.04 0.03 0.02 0.02 0.36 0.08 0.09
CD at 5% 0.12 0.01 0.08 0.09 113 NS 0.28

Genotypes

SPV 1359 4.9 1.1 16.9 24 124 14.0 117

SPV 504 (Swati) 4.8 1.0 16.5 23 124 13.2 112
SE(%) 0.03 0.02 0.01 0.02 0.51 0.06 0.06
CD at 5% 0.09 NS 0.05 NS NS 0.18 0.20

NS: Not significant.
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fodder yield were significantly increased with the
application of FYM, as well as graded doses of nitrogen,
over the control with maximum grain yields obtained
following application of nitrogen at 120 kg ha™' and
maximum fodder yields following application of nitrogen
at 160 kg ha™'. Genotypic variations were also observed,
showing significantly higher biological yields from SPV
1359 than from SPV 504 (Swati). Soil contents of organic
carbon, N, P;0s5 K,O as well as DTPA-extractable
micronutrients (Table 2) were increased significantly
with application of FYM and with increasing levels of
nitrogen. Genotypes also influenced these properties.
Further, soil microbial populations (bacteria, fungi and
actinomycetes) also increased significantly with FYM
and fertilizer nitrogen but the increases were more
prominent in FYM-treated plots as compared to the
control and plots receiving only mineral fertilizers. This
increase in the yield and improvement in the soil
properties with application of FYM might be a result of
build up in organic carbon, solubilization of different
organic nitrogenous compounds into simple and available
form, acidifying action of FYM on native/applied
phosphorus at the time of decomposition making more
phosphorus available, and reduction of potassium
fixation (Syed Ismail 1998). Further, FYM forms organic
ligands with micronutrients that decreases their susceptibility
to adsorption or fixation and makes more micronutrients
available (Mann et al. 1978). Similarly improvement in
soil properties and increases in yield with fertilizer
nitrogen up to a specific dose might be due to impact of
balanced fertilization as reviewed by Katyal et al. (1997).
Moreover, the positive relationship between organic
matter addition and microbial population has been earlier
established (Malewar et al. 1999).
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Introduction

In Mahaharashtra, India, rabi (postrainy season) sorghum
[Sorghum bicolor (L.) Moench] is cultivated on an area of
3.4 m ha, mostly under rainfed conditions. Grain yields
average 600-700 kg ha™'. In recent years its cultivation
has been extended to irrigated conditions and 25-30% of
the rabi sorghum area is now under canal or well
irrigation. Productivity under these more favorable
conditions averages 2.5 to 3.0 t ha™' for grain yield and 5
to 6 t ha' for fodder yield. High yielding varieties and
hybrids coupled with use of organic and inorganic
manures under irrigated conditions can substantially
increase the productivity of rabi sorghum (Khade et al.
1989). With a view to assess the response of rabi sorghum
genotypes to farm yard maure (FYM) application and
higher nitrogen levels under irrigation, the present yield
maximization study was undertaken for three years at the
Sorghum Research Station, Marthwada Agricultural
University, Parbhani, Maharashtra.

Materials and Methods

An experiment on rabi season sorghum productivity
under irrigated conditions was conducted in a split-plot
design with three replications on a deep Vertisol for three
years, 1998/99, 1999/2000 and 2000/01, at the Sorghum
Research Station at Marathwada Agricultural University,
Parbhani. The treatments were comprised of two levels of
FYM (no application, and application of FYM at 5 t ha'1)
as main plots, four levels of fertilizer nitrogen (80, 120,
160 and 200 kg N ha™) as subplots, and two genotypes
(CSV 216R and SPV 504) as sub-subplots. The gross and
net plot sizes were 3.6 m x 5.0 m and 2.7 m x 4.0 m,
respectively. The Vertisol soil of the experimental plot
was medium deep, clayey in texture and slightly alkaline
in reaction. It contained about 5.20 g organic carbon kg™
of soil, and 260 kg N, 12.3 kg P and 345 kg available K ha™.
The crop was sown in the first week of October and
harvested in the last week of February in each year. Four
irrigations were scheduled at 20-25 day intervals. Other
cultural operations and plant protection measures were
undertaken as per recommendations. Soil samples were
collected at the beginning of the experiment and at the
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end of the third year and analyzed for organic carbon, N,
P, K and micronutrients.

Results and Discussion

A summary of grain and fodder yields for three years
along with pooled analysis and net monetary returns is
given in Table 1.

FYM levels

Grain yield. The application of FYM at 5.0t ha™' produced
significantly higher grain yield than no application of
FYM during all three years of this study as well as in the
pooled analysis. This clearly indicated that FY M application
at the rate of 5.0 t ha™' is beneficial for increasing grain
yield of irrigated rabi sorghum. Goudreddy et al. (1989)
observed similar results.

Fodder yield. The FYM application treatment recorded
significantly higher fodder yield than no application of
FYM during two of three years in this study and in the
pooled analysis. The exception was 2000/01, when
fodder yields of these two treatments were at par with
each other.

Nitrogen levels

Grain yield. The effect of nitrogen on grain yield was
evident in all three years as well as in the pooled analysis
but the trend was inconsistent. During 1998/99 and 1999/
2000 grain yield increased significantly up to 120 kg N
but decreased thereafter. However, in 2000/01 each
higher nitrogen level recorded significantly superior yield
to lower nitrogen level. In pooled analysis 120 kg N
recorded significantly higher grain yield than 80 kg N but
was at par with 160 and 200 kg N, indicating that rabi
sorghum responds favorably to N fertilization rates up to
120 kg N under irrigated conditions. Goudreddy et al.
(1989) also observed that grain yield of rabi sorghum
increased with N fertilization rates up to 120 kg N.

Fodder yield. During 1998/99 and 2000/01 plots receiving
application of 120 kg N recorded significantly higher
fodder yields than those receiving 80 kg N. However, in
1999/2000 and in the pooled analysis the 80 and 120 kg N
treatments were at par for fodder yield. Further, the
pooled analysis indicated that the 120, 160 and 200 kg N
fertilization treatments were statistically at par for fodder
yield in agreement with observations of Raj and Patel
(1988).

Genotype

Grain and fodder yield. CSV 216R (Yeshoda) was
significantly superior in producing grain and fodder yield
than SPV 504 (Swati) during two of three years as well as
in the pooled analysis. The exception was in 1998/99,
wherein Swati (SPV 504) performed better than CSV
216R. Thus CSV 216R proved its superiority over SPV
504 in respect of grain and fodder yield under irrigated
conditions.

Interaction effects

Significant interaction effects between FYM, fertilizer
nitrogen, and genotype treatments were not observed
except in 1999/2000 when the interaction of FYM x
nitrogen for grain yield was significant; the FYM + 80 kg
N treatment combination recorded significantly higher
grain yield than all other treatment combinations except
FYM+ 120 kg N and FYM + 160 kg N.

Net monetary returns

FYM. The pooled data of net monetary returns (Rs ha™)
revealed that F Y M application at 5.0t ha™' gave significantly
higher net monetary returns (Rs 22,331 ha™') than no
application of FYM. The incremental benefit due to FYM
application was Rs 2605 ha™ indicating that FYM
application of 5.0 t ha™' increased net monetary returns
from cultivation of irrigated rabi sorghum.

Nitrogen. Application of fertilizer nitrogen at 120 kg ha™
gave significantly higher monetary returns (Rs 19,992 ha™)
than 80 kg N ha'. However, monetary returns from the
120 kg N rate were at par with the 160 and 200 kg N
application rates. The incremental benefit due to application
of 120 kg N rather than 80 kg N was Rs 2044 ha™', and that
due to application of 160 kg N rather than 120 kg N was
Rs 1398 ha', indicating that economic returns from irrigated
rabi sorghum can be maximized with the application of
160 kg N ha™'.

Genotypes. The genotype CSV 216R (Yeshoda) gave
significantly higher net monetary returns of Rs 22,636 ha™
and an incremental benefit of Rs 4995 ha™' compared to
SPV 504.

Soil properties

Compared to initial soil status at the start of this experiment,
all soil properties were improved by application of FYM.
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Among the soil properties observed, content of organic
carbon, nitrogen, P,0s5, K;O and micronutrients (Fe, Zn,
and Cu) increased significantly with application of FYM.
All of these soil properties except organic carbon also
increased significantly with increasing levels of nitrogen.
Soil pH was not influenced significantly by FYM
application and nitrogen levels. Electrical conductivity
decreased significantly with increasing in nitrogen levels
up to 200 kg N ha™".

Conclusions

On the basis of pooled analysis of grain and fodder yield
as well as net monetary returns, it is concluded that:

* On deep medium black soil, the rabi sorghum
genotype CSV 216R (Yeshoda) can give maximum
grain and fodder yield under irrigated conditions.

« FYM application at the rate of 5.0t ha™ is beneficial to
irrigated rabi sorghum, maximizing grain and fodder
yields as well as net monetary returns.

« Nitrogen application to irrigated rabi sorghum at the
rate of 120 kg ha' can maximize grain and fodder
yields and net monetary returns.

* Soil properties like organic carbon, nitrogen, phosphorus,
potash, and micronutrient (Fe, Zn, and Cu) contents
can be improved with application of FY M and nitrogen.
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Introduction

Winter sorghum [Sorghum bicolor (L.) Moench] in
Maharashtra, India, has maintained stability in area
during the last three decades as the crop is equally valued
for its grain and fodder. Winter sorghum grain prices are
about two-fold higher than that of rainy season sorghum
grain. The last 30 years have witnessed a 30% rise in
winter sorghum productivity at the national level (Nerkar
1998) from 475 kg ha™' to 616 kg ha™'. The productivity
increases in Maharashtra and Karnataka during this
period are 29% and 28%, respectively.

Winter sorghum hybrids will have a tangible impact
only when their male-sterile (A-) and R-lines have the
required seasonal adaptability. A close look at available
sorghum parental lines shows that most are still rainy
season lines with very few winter-adapted ones. CSH 13R
has significant yield superiority over M 35-1 but is highly
vulnerable to shoot fly [Atherigona soccata (Rondani)] and
low temperature, and has inferior grain quality. In
CSH 15R traits required for winter adaptation are better
than those of CSH 13R, though not equal to M 35-1.
Hence, the present study involving new sorghum male-
sterile lines and restorers was planned.

Materials and Methods

The experimental materials consisting of 11 male-sterile
lines (9 rainy season: PMS 1A, PMS 2A, PMS 3A, PMS
4A, PMS 5A, PMS 6A, PMS 8A, PMS 19A; and 2 winter
season: 104A and 116A) and 11 testers (6 rainy season:
KR 112, KR 189, KR 190, KR 191, KR 192,and PVK 801;
and 5 winter season: RS 585, RS 615, RS 29, SPV 492
and SPV 727) and their 121 F; hybrids along with control
entries CSH 13R and CSH 15R were evaluated in a
randomized block design with two replications in winter
1998/99 at the Sorghum Research Station, Parbhani. Each
genotype was represented by a single-row (5 m) plot, with
45 and 15 cm inter- and intra-row spacings, respectively.
Seed setting (%) in selfed panicles was recorded on five
randomly selected plants to assess combined pollen
fertility restoration and stigma recepability under low
temperature conditions. Other observations included grain



Table 1. Main features of promising heterotic sorghum hybrids for winter season, Parbhani, Maharashira, India, 1998/99,

Seed sefting
(%)

Shoot fly
deadhearts (%)

ic

A

acceptability

Grain
luster

CGirain Cirain Grain
plant (g) size shape color
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PMS BA x SPV 492
CSH 15R (control)

520

38.9

High

Medium Spherical

* compared with CSH 15R; ** compared with CSH |5R and M 35-1

425

yield per plant, grain size, grain shape, grain color, grain
luster and agronomic acceptability.

An additional set of genotypes was also sown during
early winter along with susceptible and resistant controls
to assess their shoot fly reactions.

Results and Discussion

In the present study, out of 121 hybrids, 10 hybrids were
promising for grain yield (Table 1). Hybrids based on
new shoot fly resistant rainy season adapted male-sterile
line PMS 19 A with winter-adapted male parents SPV
727, SPV 492 and RS 29 were promising for grain yield
and pest resistance with low percentages of shoot fly
deadhearts. The study indicated that hybrids based on
shoot fly resistant male-sterile lines (104A, 116A and
PMS 19A) and restorers (RS 585, RS 615, SPV 492 and
SPV 727) can be utilized in winter season. These findings
are in agreement with those of Kaul and Rana (1996).
Biradar and Borikar (1985) also reported less shoot fly
deadhearts in resistant parents and progenies involving
both resistant parents.

Hybrid PMS 8A x RS 29, though top ranking for grain
yield, had low acceptability due to its non-lustrous and
white-chalky grains. Hybrids PMS 19A x SPV 727, 116
A x SPV 727, 104A x SPV 492 and PMS 8A x SPV 492
were promising and had medium-bold, lustrous, white
pearly grains with high agronomic acceptability and
better threshability. Chavan and Nerkar (1978) also
reported that rainy season x winter hybrids may give
combinations of economic value that could be stable over
both seasons. Rana and Kaul (1996) also reported that
total biomass productivity and bold lustrous grain are
favored by farmers to meet household and market needs.

Low temperature is the second most important abiotic
stress after drought for winter sorghum adaptation. When
the crop is subjected to non-freezing temperatures below
10-15°C chilling injury can occur. The common symptoms
of chilling injury include poor establishment, chlorosis of
young seedlings, restricted growth and development and,
in the case of certain cereals, spikelet sterility and reduced
grain yield (Peacock 1982). Fertility restoration is a major
limitation for manifestation of heterosis in winter sorghum
(Kaul and Rana 1996).

During the present study nightly minimum temperatures
were below 10°C from meteorological week 49 to 3
(3 December 1997 to 21 January 1998). Out of 10 promising
hybrids, satisfactory seed setting under bagged conditions
was observed only in hybrids PMS 8A x RS 29, PMS 19A x
SPV 727 and PMS 19A x SPV 492. Seed setting in control
hybrid CSH 15R was poor (52.1%). The present study
indicated that the lowest seed setting occurred in hybrids
involving two winter-adapted parents, perhaps due to a
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low frequency of pollen fertility restoration genes in such
materials. This situation indicates the need of increasing
genetic diversity in parents and identification of heterotic
(rainy x winter) crosses suitable for winter season where
cold waves often coincide with reproductive growth of
the crop.
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Studies on the Adverse Effects of Low
Night Temperatures on Rabi Sorghum

GG Shinde*, PM Deshpande, MH Lomte and
AS Deshmukh Station,
Marathwada Agricultural University, Parbhani 431 402,

(Sorghum Research
Maharashtra, India)
*Corresponding author

Introduction

Rabi (postrainy season) sorghum [Sorghum bicolor (L.)
Moench] is a very important crop in Maharashtra, where it
is grown on an area of 3.4 m ha, mostly on residual soil
moisture under rainfed conditions. Average grain yields
are 600-700 kg ha™' and are mostly governed by factors
such as sowing time, soil moisture availability, soil fertility
and plant population. Low night temperature during
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flowering has an adverse affect on seed setting and
ultimately on grain yield (Brooking 1976, Rao et al. 1984).
With a view to study the effect of low night temperature
on seed setting and grain yield, an experiment was
conducted with three sowing dates and four sorghum
genotypes in which the crop was subjected to a range of
temperatures during the flowering period.

Materials and Methods

A split-plot experiment with three sowing dates (early =
24 Sep, 39" meteorological week; normal = 9 Oct, 41°'
meteorological week; and late = 24 Oct, 43" meteorological
week) as main plot treatments and four sorghum genotypes
(CSH 13R, CSH 15R, M 35-1 and SPV 504) as subplot
treatments was conducted under rainfed conditions during
the rabi seasons of 1998/99 and 1999/2000 at the Sorghum
Research Station, Marathwada Agricultural University,
Parbhani. Harvesting was completed on 29 Jan, 10 Feb
and 22 Feb in both years in the early, normal and late
sowing date treatments, respectively. Data were recorded
on grain and fodder yield, seed setting, plant count, plant
height, grain yield per plant, and 1000-grain weight.
Correlation and multiple regression analysis were used to
determine the effect of average night temperatures during
the flowering period on seed setting and grain yield.

Results and Discussion

Interaction effects of sowing date x genotype, and sowing
date x genotype x year were non-significant for grain and
fodder yield in the pooled analysis across the two years of
mis study.

Effect of sowing dates. Pooled analysis indicated that the
normal 9 Oct sowing date gave the highest grain yield
(2050 kg ha'), which was significantly superior to mat
obtained from me 24 Sep or 24 Oct sowing dates (Table 1).
This higher grain yield was obtained due to sufficient
moisture for germination and crop establishment, which
resulted in better vegetative growth and higher plant stand
at harvest compared to the late sowing date. Seed setting
percentage was also normal in the crop harvested from
me 9 Oct sowings. In the pooled analysis fodder yield did
not vary significantly across me sowing dates.

Response of genotypes. Across years, CSH 15R gave the
highest grain yield (2000 kg ha™'), which was at par with
SPV 504 and M 35-1, and significandy superiorto CSH 13R
(Table 1). Single-plant grain yield and 1000-grain mass
were also higher for CSH 15R than the other genotypes
tested. Differences in fodder yield due to genotypes were
significant only in 1998/99, but absent in 1999/2000 and
in the pooled analysis. In 1998/99, CSH 15R recorded



Table 1. Grain and fodder yield of postrainy (rabi) season sorghum as influenced by sowing date and genotype, Parbhani,

Maharashtra, India, 1998/99 and 1999/2000.

Grain yield (kg ha™)

Fodder yield (t ha™)

Two-year means

1998/ 1999/ 1998/ 1999/ Final plant Grain yield 1000-grain
Treatment 1999 2000 Pooled 1999 2000 Pooled count per plot per plant (g) mass (g)
Sowing dates (D)
24 Sep 1852 1669 1765 417 5.67 4.92 70 27.7 31.2
9 Oct 2056 2032 2050 4.78 5.94 5.36 68 26.3 30.9
24 Oct 1331 2024 1678 3.07 5.36 4.22 53 29.4 28.2
SE(+) 40 70 86 0.12 0.10 0.12
CD (5%) 119 209 238 0.35 0.21 NS
Genotypes (G)
CSH 13R 1350 1760 1556 3.56 5.92 4.38 62 26.3 243
CSH 15R 2000 1996 2000 4.41 5.61 5.01 65 27.7 31.1
M 35-1 1907 1846 1880 4.46 5.81 5.14 66 29.0 32.7
SPV 504 1746 2031 1889 3.57 5.30 4.44 62 28.2 323
SE(%) 45 81 99 0.20 0.20 0.14
CD (5%) 134 NS 295 0.61 NS NS
Interaction (D x G)
SE(t) 78 141 166 0.35 0.34 0.24
CD (5%) 231 417 NS NS 1.02 NS
Grand mean 1748 1908 1830 4.00 5.66 4.83 64 27.8 30.1

NS = not significant.

4.46 t ha™' fodder yield, which was on par with M 35-1
(4.41 t ha') and significantly superior to the remaining
two genotypes. These results indicate that CSH 15R and
M 35-1
rainfed conditions.

can give good grain and fodder yield under

Effect of low night temperature. Lower seed set (77%)
of hybrids CSH 13R and CSH 15R indicated that these
were more sensitive to low night temperature than open-
pollinated varieties M 35-1 and SPV 0504 (95-98% seed set).
Correlations of low night temperature and seed set with
grain yield per plant were significant.
multiple regression analysis showed 41 % of observed

Results from

variation in grain yield per plant could be attributed to
these two variables, with the partial regression coefficient
for seed setting significant at P = 0.05, and that for low
temperature significant at P = 0.10.

Conclusions

Optimum yields of rabi sorghum genotypes CSH 15R,
M35-1 and SPV 504 can be obtained under rainfed
conditions by sowing on medium to deep black soils in
assured rainfall areas during the 41°' meteorological week
(8-14 October).
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Germination Behavior of Four
Sorghum Genotypes at Supra-optimal
Temperatures and Limited Moisture
Conditions in Response to Seed Soaking
Treatments

Mohamad A Kader'* and S Jutzi® (1. Consultica
Worldwide, PO Box 3089, Tamarama NSW 2026,
Australia; 2. Animal Health Division, FAO, Rome, ltaly)
*Corresponding author: m.kader@mbox.com.au

Two experiments were conducted to investigate the effect
of hydration-dehydration cycles on seeds of four sorghum
[Sorghum bicolor (L.) Moench] genotypes, both before
and after pre-sowing seed treatments, based on earlier work
(Al-Mudaris and Jutzi 1997).

In the first experiment sorghum ICSV 745 seeds were
either untreated (dry control) or soaked in water (24 hours
at 6°C) and dried once (one cycle) or twice (two cycles,
i.e., soak, dry, soak, dry). After treatment, seeds were
stored for 2 weeks at 20°C, and thereafter treated again by
soaking in either water or a 25-g NaCl L™' water solution.

In the second experiment sorghum varieties ICSV 1,
ICSV 112, ICSV 745 and M 35 1 were tested. Seeds were
either soaked in water or in one of four growth regulator/
salt mixtures (GAj, kinetin, NaCl or KNOj), dried and
stored for 5 months at 20°C. Seed lots were subsequently
taken out of storage and either rehydrated by soaking in
water for 6 hours at 6°C or sown dry. Germination was
monitored under 0, -7.7, -10 or -12.5 bar drought levels
achieved by using PEG 10,000 (polyethylene glycol).
Seed treatments were conducted at 6°C in the dark to
disallow pre-mature germination during treatment.
Germination tests under the drought levels above were
conducted at a temperature of 40/25°C (12h/12h day/
night) to reflect both drought and heat stress.

Final germination percentage, mean germination time
and germination index were measured. Results revealed
that one cycle of hydration-dehydration of the seeds gave
the highest germination percentages in comparison to
non-hydrated or two-cycle-hydrated seeds. Soaking
seeds in water was superior to a 25-g L' NaCl soak.
A mixture of NaCl and KNOj; gave higher germination
percentages than other growth regulator/salt combinations,
with M 35 -1 giving the highest positive response. The
potential for pre-sowing hydration-dehydration treatments
in improving germination under drought and heat stress
is worthy of further investigation.
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Supra-optimal Temperature Stress and
the Heat Treatment of Sorghum Seed

Mohamad A Kader (Consultica Worldwide, PO Box
3089, Tamarama NSW 2026, Australia)
m.kader@mbox.com.au

Recent interest in presowing seed treatments to improve
field emergence under stress has generated considerable
advances in treatments. Priming with sodium chloride
(NaCl) has been used in Sorghum bicolor (L.) Moench and
has been shown to advance germination under drought
but not under heat stress (Al-Mudaris and Jutzi 1998).
The principle of acclimatizing seeds or whole plants to
stress is also well documented (Amzallag et al. 1990) and
has been applied to NaCl treatments in sorghum (Al-Mudaris
and Jutzi 1998). Therefore, the possibility of acclimatizing
seeds to heat stress by pre-exposure to high temperatures
seems to be feasible. The objective of this investigation
was to test the influence of seed treatments and pre-stress
heat exposure timing on germination of S. bicolor seeds
of genotype SPV 462 under heat stress.

Materials and Methods

Three NaCl-based seed-priming treatments were used.

1. Soaking seed in solution containing 2 g L' NacCl
(osmotic potential -1.5 bar) for 3 days (d) in the dark

2. Soaking seed in solution containing 4 g L' NacCl
(osmotic potential -3.2 bar) for 3 d in the dark

3. Soaking seed in solution containing 6 g L' NaCl
(osmotic potential -4.3 bar) for 3 d in the dark

4. Dry, untreated control.

Heat treatments were applied on the 15!, 2", 3™ d of soaking
by exposing seeds (within solutions) to a temperature of
41°C for 2 hours (h) only. For the remainder of the
experimental period seeds were held in solution at 25°C.
Seeds continuously exposed to 25°C during the whole 3-d



period were used as control. Dry, untreated seeds were
exposed to the same temperatures as NaCl-soaked seeds.
After treatment, the seeds were surface dried and plated
for germination on filter paper moistened with distilled
water (0 bar). Day/night temperatures of 41/19°C (12 h/
12 h) were used in germination cabinets which were not
lighted (24 h dark). Observations of seed germination
were made at 24-h intervals for 10 d. After 10 d, seedling
plumules and radicles were excised, dried, and weighed
to determine the mean dry weight of plumules (DWP) and
radicles (DWR). By dividing DWP by DWR a plumule :
radicle ratio (PRR) was obtained. From daily germination
scores, the final germination percentage, mean germination
time, and germination index were calculated. Analysis of
variance was used to test for priming treatment and heat
effects, and for their interaction on arsine-transformed
germination percentages. Duncan's Multiple Range Test
was used to separate means.

Results and Discussion

The higher the NaCl concentration used, the greater were
the dry weights of plumules and radicles recorded. Heat
treatment of seeds on the 3™ d of soaking yielded higher
germination percentages than those of the control seeds,
while treating them on the 2" d resulted in faster germination.
Both the 2"® and 3™ d heat treatments produced superior
germination indices and higher PRR ratios. Results
revealed a faster germination pattern in all three NaCl
treatments than in the control. The final germination
percentage was not influenced by heat treatments, but
mean germination time decreased progressively when
seeds were treated on the 2" or 3™ d of soaking. Seeds
exposed to 41 °C (2 h) on the 2" or 3" d of soaking did not
'sense’ stress when they were transferred to a 12-h d’
regime of41 °C. They can be considered acclimatized to this
stress and thus had less need to produce larger radicles.
This resulted in higher PRR ratios in these treatments.

It is suggested that heat acclimatization of sorghum
seeds by priming treatments can improve subsequent
germination and growth under supra-optimal temperature
conditions.
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Varying Temperature Regimes Affect
Osmotically Primed Sorghum Seeds and
Seedlings

Mohamad A Kader (Consultica Worldwide, PO Box
3089, Tamarama NSW 2026, Australia)
m.kader@mbox.com.au

Soil surface temperatures vary between day and night and
a number of factors influence seedling emergence. These
include: absolute temperature, average temperature, and
the magnitude ofthe difference between absolute maximum
and minimum temperatures during the day. This paper
reports the effects of both absolute temperature and the
difference between maximum and minimum day and
night temperatures on the germination of primed seeds of
sorghum [Sorghum bicolor (L.) Moench] cultivar CSV 15.

Materials and Methods

Sorghum seed was primed by various treatments:

T1 = Seeds soaked in sodium chloride solution containing
2 g L' NaCl fosmotic potential (ys) = -1.5 bar,
electrical conductivity (EC)= 3.8 mS cm™"] for 2
days (d).

T, = Seeds soaked in4 g L' NaCl solution (ys)=-3.2 bar,
EC=7.3 mS cm™) for 2 d.

T3 = Seeds soaked in 6 g L' NaCl solution (ys)= -4.3
bar, EC= 9.3 mS cm™) for 2 d.

Dry (unsoaked) and wet (soaked in plain water for 2 d)
controls were also tested.

Seeds from all treatment combinations were germinated
in a polyethylene glycol (PEG 10,000) solution generating
an osmotic potential of-3.0 bar to simulate a moderately
moist/dry soil.

Germination parameters and dry weights of roots and
shoots were measured for seeds germinated under the
following four temperature regimes:

Ry = Seeds germinated at a constant 30°C (Control)

R,= Seeds germinated at a 35/25°C (12 h/12 h) day/
night temperature (mean 30°C)

R; = Seeds germinated at 40/20°C (12 h/12 h) day/night
temperature (mean 30°C)

R4, = Seeds germinated at 41 /19°C (12 h/12 h) day/night
temperature (mean 30°C)

Results and Discussion

The Ry and R, regimes resulted in the highest final
germination percentages and the highest germination
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index values of all treatments. The fastest germination
occurred in R, and the slowest in Rs. The dry weights of
roots and shoots were significantly affected by the
germination temperature regime, with R, yielding the
highest dry weights.

T, was effective in increasing germination rate across
the range of temperature regimes studied. Increase in priming
solution concentration and germination temperatures
caused decreases in the mean germination time up to a
optimum threshold, and increases thereafter. T seed priming
enhanced the curvilinear response to temperature. The
data from the present study emphasize that absolute
temperature levels have more significant effects on sorghum
germination than the average daily temperature in both
primed and unprimed seeds.

The relationship between the rate of germination to
temperature is not a Q4o one as for a simple chemical reaction.
Instead, above a minimum temperature below which no
germination occurs, over a considerable range this
relationship is linear or almost so. Beyond the optimum
range, in which most of a seed population will germinate,
an increasing proportion of individuals respond to lower
or higher temperatures by not germinating. Seed priming
and heat treatments can alter this reaction.
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Pathology

Prevalence of Sorghum Diseases in
Karnataka and Maharashtra States,
India, during 2001 Rainy Season

AH Rajasab' and RA Frederiksen? (1. Gulbarga
University, Karnataka, India; 2. Professor Emeritus,
Department of Plant Pathology and Microbiology, Texas
A &M University, College Station, TX 77843, USA)

Survey Team and Route

Professor AH Rajasab of Gulbarga University, (India)
with the assistance of US Grains Council representatives
AP Sachhdev and Amit Sachhdev in India, organized a
20-day, 4800 km field survey through the sorghum
(Sorghum  bicolor (L.) Moench.) growing regions of
Karnataka and Maharashtra. RA Frederiksen (Professor
Emeritus, Texas A &M University, USA) was invited to
accompany the survey that was made from 26 Aug to 14
Sep 2001. Some 174 fields of both forage and grain
sorghums including hybrids and traditional cultivars in
the states of Karnataka, and Maharashtra, and one field in
Andhra Pradesh were evaluated for prevalence and severity
of diseases, insect and mite pests, and Striga spp. (Tables
1-3).

The route began from Hyderabad, Andhra Pradesh,
proceeded directly to Gulbarga, Karnataka and then
continued south through Karnataka with overnight breaks
in Raichur, Hospet, Chitradurga, and Hassan. From
Hassan, an eastern route was taken northwards through
Karnataka to Shimoga. A visit was made to the sorghum
research team at the University of Agriculture, Dharwad
before continuing via Hubli finally to Bijapur. The survey
then proceeded north into Maharashtra, from Solapur to
Osmanabad, and finally to Aurangabad. After extensive
surveys in these areas, the group returned to Hyberabad
via Jalna, Parbhani, and Nanded, visiting the Department
of Plant Pathology at Parbhani and the Maharashtra
Hybrid Seed Company (MAHYCO) at Jalna.

Specimens and detailed notes on the crops and their
condition were taken in each of the 174 fields surveyed.
Diseases were evaluated visually based on experience,
and with reference to the Compendium of Sorghum Diseases
(Frederiksen and Odvody 2000).



Results

Many of the common diseases of sorghum were present
in varying degrees of prevalence and severity. Unfortu-
nately, laboratory follow-up of suspected new or unusual
diseases, particularly virus-like diseases was not possible.
Generally the same diseases were found in both states
with minor differences. Such common diseases as anth-
racnose [Colletotrichum graminicola (Cesti.) Wilson], leaf
blight [Exserohilum turcicum (Pass.) Leonard and Suggs.],
maize stripe mosaic, and sooty stripe [Ramulispora sorghi
(Ell. & Ev.) L.S. Olive & Lefebvre] ranked almost equally

and were the most common in both states. The number of
different virus-like diseases was greater in Maharashtra
than in Karnataka. For example, maize stripe mosaic was
very prevalent in Maharashtra and less so in Karnataka
(Table 1).

Damaging pests were observed in many fields (Table 3).
included
(Zehntner)], mite damage caused by Oligonychus indicus
(Banks), shoot fly [Atherigona soccata (Rondani)], stem
borer [Chilopartellus (Swinhoe)], head worms [Helicoverpa
armigera  (Hiibner)], corn leaf aphids [Rhopalosiphum
maidis (Fitch.)] and head bugs (Eurystylus oldi Poppius).

These sugarcane aphid [Melanaphis sacchari

Table 1. Relative incidence and severity of diseases in sorghum fields in Karnataka (89 Fields visited) and Maharashtra (85 fields

visited) during rainy season 2001.

Karnataka Maharashtra

Number of Highest Highest Number of Highest Highest

fields with disease disease fields with disease disease
Common disease name the disease incidence severity' the disease incidence  severity’
Anthracnose 17 100 3 31 100 3
Maize stripe mosaic 15 20 3 49 75 4
Leaf blight 15 100 4 43 100 3
Sooty stripe 1 25 3 11 50 2
Striga asiatica 1 25 2 10 50 2
Rust 10 15 2 26 100 1
Sorghum downy mildew 7 5 4 3 30 4
Zonate leaf spot 6 25 2 10 100 2
Target leaf spot 4 75 1 10 100 2
Bacterial leaf spot 5 1 1 3 1 1
Gray leaf spot 4 25 2 S 50 2
Long smut 3 5 2 2 1 1
Grain mold 3 25 1 - - -
Pokkah boeng 2 1 1 11 1 4
[Gibberella fujikuroi  var. subglutinans Edwards]
True small seed 2 10 1 - - -
Acrcmonium will 1 1 2 2 5 2
Maize mosaic 3 1 2 10 30 1
Undescribed virus-like disease? 1 1 4 2 10 4
Maize dwarf mosaic-like disease® 1 1 1 1 1 1
Loose smut 1 1 4 6 5 4
Head smut 1 1 4 1 1 4
Ergot 1 100 4
Oval leaf spot 1 2 2 8 100 2
Rough leaf spot 1 5 1 7 100 2
Covered kernel smut 1 2 1 9 5 2
Downy mildew (Crazy top) - - _ 1 1 4
Mottle symptoms* _ . 5 4 4

1. Severity is based on a 1-4 scale, where 1 represents no apparent damage. 2 very little damage, 3 generally present and may represent economic loss

on individual plants. and 4 severely damage individual plants.

2. A different virus symptom, leaves have small green islands in a more or less mosaic pattern.

3. Symptoms similar to mild maize dwarf mosaic—a potyvirus common in sugarcane. Both this disease and the one described in footnote 2 occurred

near sugarcane fields.

These are virus-like mottle symptoms (affected plants are reduced in size by half).

5. - = Absence of disease/pest.
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Discussion

Among the more common diseases found were anthracnose,
maize stripe (a plant hopper-transmitted virus disease)
bacterial leaf blight, at least 2 or 3 unidentified virus-like
diseases, all four sorghum smuts [long (Tolyposporium
ehrenbergii  (Kuhn)  Patouillard), head
reilianum (Kuhn) Langdon and Fullerton), covered kernel

(Sporisorium

(grain) (Ehrenberg) Link), loose

kernel (Sphacelotheca cruenta (Kiihn) Potter)], as were

(Sporisorium  sorghi

sorghum downy mildew [Peronosclerospora sorghi
(Weston and Uppal) C G Shaw, oval leaf spot (Ramulispora
sorghicola Harris), rough leaf spot (Ascochyta sorghina
Sacc), acremonium wilt (Acremonium strictum W. Gams),
ergot (Claviceps africana Frederickson, Mantle & de

Milliano), and grain mold (caused by species of Fusarium,

Table 2. Relative incidence and severity of diseases and pests on varieties (96 fields visited) and hybrids (78 fields visited) of
sorghum in Karnataka and Maharashtra during rainy season, 2001.

Traditional varieties Hybrids
Number of Highest Highest Number of Highest Highest
fields with disease disease fields with disease disease
Disease/pathogen or pest the disease incidence severity' the disease incidence severity'
Leaf blight 45 50 2 13 10 2
Anthracnose 43 100 3 5 50 3
Maize stripe virus 40 10 2 21 75 4
Rust 30 100 1 6 5 2
Target leaf spot 14 100 1 4 - -
Zonate leaf spot 11 100 2 5 75 2
Striga asiatica 10 20 3 11 50 2
Covered kernel smut 9 5 4 1 5 1
Sorghum downy mildew 8 100 2 2 5 1
Maize mosaic virus 8 5 3 5 30 4
Sooty stripe 8 15 3 14 75 3
Gray leaf spot 7 100 2 2 25 3
Pokkah boeng 7 1 1 6 1 4
Loose smut 6 5 4 1 1 4
Oval leaf spot 6 100 1 3 15 1
Long smut 4 10 2 1 5 1
Rough leaf spot 4 5 1 5 100 2
Acremonium wilt 3 5 1 - - -
Bacterial leaf spot 3 1 1 5 5 1
Grain mold 2 25 1 1 1
Head smut 2 1 4 - - -
True small seed - - - 2 10 1
Downy mildew (Crazy top) 1 1 4 - - -
Ergot 1 100 4 - - -
Undescribed virus-like disease® 1 2 1 - -
Mottle symptoms® 1 10 4 5 15 1
Potyvirus 2 1 1 1 1 1
Mite 17 100 4 3 10 2
Shoot fly 17 30 2 46 50 4
Stem borer 14 10 1 17 20 1
Aphids 6 100 1 32 100 4
Bird damage 1 10 1 1 25 2
Midrib insect 1 25 2 - - -
Head worm - - _ 1 25 2
Head bug - - - 1 10

1. Severity is based on a 1-4 scale, where 1 represents no apparent damage, 2 very little damage, 3 generally present and may represent economic loss

on individual plants, and 4 severely damage individual plants.

2. A different virus symptom, plants have small green islands in a more or less mosaic pattern.

3. These are virus-like mottle symptoms (affected plants are reduced in size by half).

4. - = Absence of disease/pest.
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Table 3. Pest problems observed in sorghum fields of Karnataka (89 fields visited) and Maharashtra (85 fields visited) during

rainy season 2001.

Karnataka Maharashtra

Number of Highest Highest Number of Highest Highest

fields with incidence pest fields with incidence pest
Pest the pest (%) severity' the pest (%) severity'
Shoot fly 28 100 4 35 30 4
Sugarcane aphid 25 50 4 10 100 2
Stem borer 24 15 4 7 15 2
Birds 10 10 2 2 10 2
Mites 4 10 4 16 100 4
Head worm 2 - _ 1 25 2
Head bug - - - 1 10 2
Others 1 25 1 - - -
1. Severity is based on a 1-4 scale, where 1 represents little or no damage and 4 indicates severe economic impact.
2. - = Absence of pest.
Curvularia, and Phoma). Other diseases observed of Periconia circinata; however this pathogen, that was

included leaf blight, gray leaf spot (Cercospora sorghi
Ell. & Ev.), target leaf spot [Bipolaris sorghicola (Lefebvre
& Sherwin) Shoem], zonate leaf spot (Gloeocercospora sorghi
D. Bain & Edg.) and rust (Puccinia purpurea Cooke).
Charcoal rot [Macrophominaphaseolina (Tassi.) G. Goid.],
a common disease of the postrainy season (rabi), was not
present,
drought at many locations in both states. Bacterial streak

even though the crops suffered from severe
disease caused by Xanthomonas campestris pv. holcicola
(Elliott) Dye was not observed during the survey. Further,
in the present disease survey, Milo disease caused by
Periconia circinata (Mangin) Sacc, the root parasite Striga

hermonthica  (Del.) Benth. and red-flowered Striga
asiatica (L.) Kuntze were not observed.
A comparison between hybrids and traditional

cultivars is important (Table 2). Leafblight, anthracnose,
maize stripe virus and rust were more prevalent on
traditional cultivars, whereas on hybrids maize stripe
virus, sooty stripe, and leaf blight were more prevalent.
For the most part, hybrids tended to have less disease and
be less damaged by diseases than the traditional cultivars,
except for those affected by maize stripe mosaic. The crop
yields and appearance of hybrids were superior to those
of traditional cultivars.

In most fields pest problems, particularly those caused
by aphids, shoot fly, stem borers, and mites seemed much
more economically important than disease problems.

Concerns about Introduction of New Pathogens
or Disease Problems

Analysis of the disease situation suggests that most of the
diseases common in the USA are already presentin India.
In the past there has been concern about the introduction

known to cause Milo disease, has not been observed in
sorghum production fields in the US for over half a
century. Milo disease is directly related to the growing of
old, susceptible
varieties were replaced by resistant varieties in the USA

'milo' varieties. These susceptible
in the 1940's, and all currently grown hybrids possess
immunity to the disease. Sorghum grain produced in the
USA for feed purposes comes from Milo disease immune
cultivars. The pathogen cannot be isolated from those
immune plants, it is only soilborne and it is not a grain
contaminant. India is not known to grow any Milo disease

susceptible varieties.

There are several other sorghum diseases, like the
common bacterial diseases, bacterial stripe and streak,
that are present in the US but are of no economic
importance. During the survey a bacterial stripe disease
was observed, suggesting that the pathogen is present but
the disease probably occurs at extremely low levels.
There may be some confusion between the common
names of bacterial stripe and bacterial blight. Bacterial
blight was observed in sorghum fields in Karnataka near
sugarcane Saccharum spp. fields. This bacterial disease is
known to occur in other warm humid environments but is
not known to cause economic losses. Consequently, it is
that the
andropogonis (E.F. Smith) Stapp, that is very rare in India,

would cause losses in Indian sorghum.

even less likely pathogen Pseudomonas

Bacterial leaf streak disease that was not observed
during the present survey, is caused by Xanthomonas
(Elliot) Dye.

known throughout the world in cooler environments such

campestris pv. holcicola The disease is
as those at higher elevations, or those in more temperate
regions. When the disease occurs, it is expressed in inbred

lines and to a lesser extent in hybrids. In no instance has it
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caused economic losses in any of the areas where it
commonly occurs.

During the survey several virus-like diseases of
sorghum were observed that could not be diagnosed by
their field symptoms. These diseases were relatively
minor compared to maize stripe and maize mosaic, which
may be the most damaging diseases of sorghum in India.
There are several known viruses and virus-like organisms
present on sorghum in India. These include members of
the potyviridae, often referred to as 'sugarcane mosaic
viruses'; and both maize stripe virus from the tenuivirus
group and maize mosaic virus, a member of the
rhabdoviridae. These virus diseases were found in both
states. At least two other distinctly different virus-like
symptoms in sorghum were also observed, the more
prevalent being a mottle-like symptom. The growth and
development of affected plants was reduced. The other
virus-like disease had 'green island' symptoms and was
noted commonly in southern Maharashtra.

The white-flowered form of the root parasite Striga
asiatica is very prevalent in sorghum fields in India, but
not the red-flowered form. Striga hermonthica that is
common in countries in Africa, is not present in the
United States, nor has it been reported in India.

During this survey the team visited faculty and
students working on sorghum diseases in Gulbarga,
Dharwad, and Parbhani Universities, the National Research
Centre for Sorghum (NRCS) and International Crops
Research Institute for Semi Arid Tropics (ICRISAT). SS
Navi, a Research Officer from ICRISAT, accompanied
the team for 3 days in Maharashtra. The team visited a
feed milling unit (Yarana Feeds) where they expressed
their concern about grain mold in stored sorghum grain.
The team also visited MAHY CO at Jalna.
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Introduction

The ergot pathogen on sorghum [Sorghum bicolor (L.)
Moench], indigenous to the Indian sub-continent during
most of the 20™ century, seems to have been Claviceps
sorghi, which was the Claviceps species first described
concerning sorghum ergot disease (McRae 1917, Kulkarni
et al. 1976). In the 1980s, with the prospect that ergot
disease would be problematic in A-lines as hybrid
sorghum seed production became more popular, the early
stage of the disease was studied using this pathogen
(Frederickson and Mantle 1988). Also, broader aspects of
its biology and parasitism were set out against which to
describe the African pathogen of sorghum as a distinct
species, C. africana (Frederickson etal. 1991). Subsequently,
all axenic cultures and living preserved material of C. sorghi
were lost and it became increasingly unclear as to
whether it still had an ecological niche in India, in spite of
the more aggressive pathogen C. africana having already
become well established there (Bogo and Mantle 1999).

Very recently, RAPD patterns (S. Pazoutova and A.
Bogo, Institute of Microbiology, Prague) of many isolates
of Indian sorghum ergot pathogen (R. Bandyopadhyay,
ICRISAT) have differentiated the majority of isolates,
which are C. africana, from two that fit the data of
Pazoutova et al. (2000) for C. sorghi. Similarly, the
pathogen isolated in Prague from ergotized sorghum
sourced by N. Johnson (Gulbarga University) was shown
to be C. sorghi. To complement these molecular findings,
the pathogenic characteristics of one isolate from
ICRISAT (coded NAP 7) and the Gulbarga isolate have
been studied in England, several thousand miles from any
other possible sorghum ergot pathogen.

Experimental

Cultures on a sucrose/asparagine agar (Mantle 1973) at
25°C generally grew slowly as richly-sporulating yeast-
like colonies from which aqueous inoculum was readily
prepared for spraying, in August 2001, gaping florets on
sorghum inflorescences. Plants of sorghum male-sterile
line ATx623 (WL Rooney, College Station, Texas) were
grown in a greenhouse in Surrey to flower at 150 cm



height with prominent exserted stigmas. There was no
overhead watering.

The sorghum florets were uniformly green but, a few
days after application of the cultured inoculum, floral parts
often became 'stained' a terracotta color. This appeared to
be a host reaction.

Some adjacent inflorescences were also left uninoculated
to assess any natural spread of disease; such secondary
infections occurred very rarely, attributable simply to insect
or secondary spore transmission. The latter may have
been minimized by protection from wind and rain in the
greenhouse environment.

First honeydew emerged 8-10 days and 11 days after
inoculating with culture-derived inoculum ofthe ICRISAT
and Gulbarga isolates, respectively. Honeydew exuded
without sphacelia in floral cavities having first forced the
glumes apart. In disease caused by C. africana the distal
aspect of sphacelia is often apparent before exudate is
seen. The first exudate from florets, seen in the morning,
was crystal clear, watery and sweet. Further liquid flow
carried spores, which often sedimented in the honeydew
droplets in high humidity. Notably, no prominent
superficial whitening of droplets occurred, as is a strong
feature in C. africana when macrospores produce a
palisade of secondary sporulation above the exudate
surface (Frederickson et al. 1989). However, many
honeydew droplets did have a type of whiteness that
results from light reflection from the spores suspended in
the honeydew. This should not be confused with the bright
whiteness of secondary sporulation of C. africana where
light reflects from secondary spore surfaces directly in
contact with air.

Microscopically, the surface of honeydew droplets of
the ICRISAT isolate, 1-2 days old and drying somewhat
in the mid-day sun, consisted mainly ofungerminated spores
of variable size. Microspores were rare; the honeydew
spores may therefore be generally regarded as 'macrospores'’
only because they conform generally to the macrospores
described for the anamorph Sphacelia sorghi (McRae
1917). There was no evidence of any secondary sporulation.
Rarely a few germinating spores were seen, but all bore a
terminal germ tube of variable length, different from the
straight laterally positioned tapering sterigma characteristic
of a germinating C. africana macrospore producing a
secondary spore. Older honeydew on inflorescences also
bore no secondary spores.

In the relatively humid environment of a greenhouse
copious volumes of honeydew exuded, dripping on leaves
and soil. A few days later, microscopic examination of
white patches on these surfaces and on adjacent other
vegetation revealed extensive secondary sporulation,
providing potentially airborne inoculum. This was in striking
contrast to the behavior of the pathogen's macrospores on
inflorescences.

Fresh honeydew of each isolate was diluted in water,
spread over the surface of the sucrose/asparagine agar and
incubated at 25°C. Within two days there was extensive
germination that was almost exclusively in the form of
secondary sporulation, long sterigmata pointing up from
the agar surface and each bearing a characteristic pear-
shaped spore.

Inoculations of sorghum were also made using fresh
honeydew. First honeydew from florets inoculated with
either isolate appeared after 7 days. These experiments
were insufficiently replicated to sustain a firm conclusion
about superior pathogenicity of parasitically-produced
inoculum, but it would not be surprising if this was so.

Subcultures of the ICRISAT isolate made on sucrose/
asparagine agar over several months remained morpho-
logically similar, dominated by proliferation of spores.
However the Gulbarga isolate allowed selection by
subculture of growth forms different from the free-
sporing type (typical for C. sorghi), for example one with a
somewhat folded mycelial mat with slight pink soluble
pigmentation and another with a thick white hyphal mat.
Inoculum of these two forms was also applied to
inflorescences. From the former, very few infections
became apparent 11 days after inoculation, in spite of
fairly extensive spore content of the inoculum. The latter
white variant, producing no spores, did not give rise to any
ergot disease. This variation deserves further study.

Discussion

The early parasitic characteristics of these two recent
isolates of C. sorghi matched closely those last experienced
in England 13 years ago, namely the relatively long
period between inoculation and appearance of first
honeydew symptoms, the absence of secondary sporulation
on ergotized inflorescences, the cryptic young sphacelium
at the first sign of honeydew, and the subsequent
extrusion of an ergot body (Frederickson et al. 1991).

Preparation of the present report to meet copy deadline
for ISMN 2002 precluded reporting other than biological
aspects of the present study. However, it will be interesting
to analyse the oligosaccharide composition of the present
honeydews to see whether the contrasting qualitative
differences between C. sorghi and C. africana (Bogo 2000)
are confirmed. Also, analysis should confirm caffeine as
the significant 'ergot-alkaloid' of this Claviceps species
(Bogo and Mantle 2000). In any case the present biological
study complements the genomic data of RAPD pattern to
recognise C. sorghi.

Whereas some characteristics may only be ofmycological
interest, others may have profound practical epidemiological
implication. A relevant striking feature of C. sorghi is its
apparent failure to perform secondary sporulation on an
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ergotized sorghum inflorescence, while readily doing so
in the laboratory on an agar medium and on honeydew
dripped on to leaves and soil. Notably, the first laboratory
study of this phenomenon in C. sorghi (Manzarpour
1985) showed temperature-dependence expressed as
exclusive secondary sporulation at 25°C, exclusive hyphal
germination at 37°C and a mixture at 30°C. Microscopic
examination of honeydew from a sorghum inflorescence
may therefore alone enable diagnosis of the pathogen
species.

For a C. sorghi macrospore to produce a secondary
spore on a sorghum stigma would be futile, and it does not
happen (Frederickson and Mantle 1988). However, to fail
to do this as a means of airborne dissemination from an
ergotized inflorescence is strategically inferior to the
behavior exploited by C. africana. However, C. sorghi
has the advantage of apparently being much better, or
exclusively fitter, at generating ascospore inoculum. In
any case, it has survived competition with C. africana in
India. This can be explained by sources of secondary spore
inoculum from leaf and soil surfaces. Different behavior
of C. sorghi macrospores on ergotized inflorescences,
virgin stigmas and plant and soil surfaces may relate to
uptake and metabolism of contaminating honeydew
saccharides by plant surfaces and soil microorganisms,
and positive signalling from stigmatic hair cells.

Rediscovery of the distinctive C. sorghi opens interesting
opportunities for thoughtful fundamental studies that
could bear significantly on management of hybrid sorghum
production to minimize the impact of ergot disease(s).
Phytosanitary controls may also need to be applied to this
pathogen.

Some people have wondered whether the briefdescription
of C. sorghi by Kulkarni et al. (1976) refers also unwittingly
to C. africana so that this species may have been in the
Indian sub-continent much longer than it appears. Both
'small and hard' and 'long and soft' sclerotial bodies are
mentioned, the product of two different sorghum variety
hosts. However, the possible misinterpretation could only
have applied to the small type, which was the only form
from which the teleomorph arose and which is distinct
from C. africana. It may be of historical interest that the
Nigerian ergot sclerotia (later C. africana) obtained by
the present author in 1967 as the basis for many further
studies was from the Combine Kafir-60 A-line. The very
different C. sorghi material (used to provide illustration
of C. sorghi [Frederickson et al. 1991], and some still
archived) from Akola, India in 1983 was from the same
sorghum A-line. The teleomorph only arose from the
proximal hard portion ofthe long ergots or from the small
hard ones that remained after the long distal sphacelial
region had broken off. There seems therefore no clear
evidence of C. africana being common in India much
before the 1990s.
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Switch from proliferation of soft sphacelial tissue to
hard compact sclerotial tissue is a vital transformation
during parasitism to provide the substrate for later
development of the teleomorph on fallen ergots in the
field. Little is known about this process in sorghum
pathogens but C. sorghi, with its capacity sometimes to
produce long thin ergots and a delayed transition to a
sclerotial type of parasitic growth, is a suitable subject for
such study. Different sorghum varieties, as the parasite's
nutrition provider, may have an important influence on
the initiation of sclerotial growth.

Clearly this neglected ergot species deserves further
study on its own, and both in comparison and in competition
with the other two sorghum pathogens, C. africana and C.
sorghicola. Also, for its place in biodiversity it must now
be preserved.
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Introduction

Covered kernel smut, caused by Sporisorium sorghi
(Ehrenberg ex Link [=Sphacelotheca sorghi (Link) G. P.
Clinton) is an important disease of sorghum (Sorghum
bicolor (L.) Moench). Grain losses may exceed those
caused by other sorghum diseases (Casady 1961, Frowd
1980) particularly in lesser-developed countries where
seed treatments are expensive, unavailable, or rarely used
(Frowd 1980). Previous studies have shown that resistance
to covered kernel smut exists in several sorghum genotypes
and that cultivars resistant to various races of S. sorghi
(Melchers et al. 1932) are also resistant to loose smut
(Sphacelotheca cruenta [Kuhn] Potter) and head smut
(Sporisorium reiliana [Kuhn] Langdon and Fullerton) (Reed
1923, Melchers et al. 1933, Casady etal. 1962, Frowd 1980).
Most studies have shown that resistance to covered kernel
smut is controlled by single genes (Casady 1961, Marcy
1937a,b, Reed 1928, Swanson and Parker 1931). Whether
resistance or susceptibility is dominant depends on the
parent used as the source of resistance (Reed 1928).
Reed (1928) concluded that susceptibility was dominant
in crosses between reportedly resistant Feterita and
susceptible varieties, and that resistance was dominant in
crosses between resistant Standard While Milo and
Blackhull Kafir. Swanson and Parker (1931) inoculated
284 F; lines of Red Amber x Feterita with race 1 of S. sorghi
and reported a 3:1 segregation of smutted to healthy lines,
indicating a single recessive gene as the mode of inheritance.
The reaction of various sorghum accessions to S. sorghi,
S. cruenta, and S. reiliana was tested. Spur Feterita was
reported (Reed 1923, Reed and Melchers 1925) to be
highly resistant to covered kernel, loose and head smut
diseases of sorghum. Five physiological races of S. sorghi
were determined through the use of differential sorghum
varieties (Melchers et al. 1932) and one selection from
Spur Feterita (K.B. 2540) was immune to all races.
Resistance to race 1 of S. sorghi was attributed to a single
pair of genes with resistance being dominant to susceptibility.
The 'blasting' reaction of sorghum to S. sorghirace 1 was
eliminated by a single pair of genes considered to be
epistatic to the gene for resistance (Casady 1963).

The blasting reaction occurred only under environmental
conditions highly favorable for heavy infection by race 1
of S. sorghi.

Casady (1961) corroborated the reports (Marcy
1937a,b) of resistance to S. sorghirace 1, except for finding
resistance to be incompletely dominant. Resistance to S.
sorghi races 2 and 3 was controlled by 2 separate gene
pairs with incompletely dominant resistance in both
cases. Ss 1, Ss 2, and Ss3 were suggested as symbols to
denote the genes for resistance to races 1, 2, and 3,
respectively. The genes were linked. In studying the
progeny of Spur Feterita x Pink Kafir, Casady et al.
(1962) found that Spur Feterita carried both the gene
(Ssl) for resistance and the gene for blasting to race 1.
Blasting was expressed only in the presence of the recessive
allele (ssl/). Therefore the gene for blasting was not
phenotypically expressed in Spur Feterita or K.B. 2450.

During the late 1950s and early 1960s, agronomically
acceptable sorghum lines resistant to covered kernel smut
were developed by Kansas State University and the
United States Department of Agriculture (USDA) with a
series of backcrosses using Spur Feterita as the source of
resistance (Casady et al. 1962). These lines did not
possess the same high level ofresistance as Spur Feterita,
and low levels ofinfection were observed under favorable
environmental conditions.

Since the late 1960s, breeding work on covered kernel
smut has not been reported. The All Disease and Insect
Nursery (ADIN) from Texas A&M University was
screened for genetic variability to S. sorghi for over 10
years at Kansas State University and B35-6, SC 414, and
Sureno were identified as immune to S. sorghi under field
conditions (Claflin and Ramundo 1996). The objective of
this research was to investigate the inheritance of
resistance to S. sorghi in B35-6, SC 414 and Sureno.

Materials and Methods

Seeds of true breeding lines and crosses used in this study
were supplied by PJ Bramel (1CRISAT) and DT Rosenow
(Texas A &M University, Lubbock). Immune accessions
were B35-6 (IS 12555 derivative), SC414 (IS 2508
derivative), and Sureno ((SC423 x CS 3541) x E 35-1),
recently released germplasm possessing acceptable
agronomic characteristics. In all crosses, the susceptible
parent was BTx623 (BTx3197 x SC 170-6). Crosses were
made between resistant and susceptible accessions to
determine inheritance. Crosses between resistant accessions
were used to determine if they possessed the same genes.
Crosses between resistant lines were SC 414 x Sureno,
SC 414 x B35-6, and Sureno x B35-6. Crosses between
resistant and susceptible lines were B35-6 x BTx623,
SC 414 x BTx623, and Sureno x BTx623.
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Greenhouse experiments. F; seed was sown and
advanced by selfing to produce the F, generations. To
produce the F3; generation of crosses between resistant
and susceptible parential lines, F, populations were
grown and selfed in the greenhouse in 1995. The F; seed
was harvested in May 1995 and stored in paper bags until
sown in the field in June.

Eight seeds of each line were sown in pots (28 x 46
cm) containing a sterile soil mix consisting of Baccto
potting soil (Michigan Peat Co., Houston, TX 77098)-
sand-perlite (2:1:1). Plants were supplied with fertilizer
(20-30-20; Schultz Company, St. Louis, MO 63043)
according to Schultz Co. recommendations. To study
inheritance of resistance, F, seed of all crosses were
grown in pots in the greenhouse during the winter of
1995. The F, seed of the crosses between resistant and
susceptible parents were divided into two equal portions
and sown in different greenhouses (1 and 2). Potted plants
in greenhouse 1 were placed on the cement floor and
those in greenhouse 2 were placed on benches. Both
greenhouses were maintained at 27°C day, 21°C night,
with a 12 h photoperiod. Plants were thinned at the 3-4
leaf stage of growth and numbers of plants per pot varied
from 3 to 5 depending on the pot size.

Field experiments. F; lines were machine sown in 3-m
rows spaced 76 cm apart at the Rocky Ford Experimental
Farm, Kansas State University, Manhattan, Kansas, in
June, 1995. Ammonium nitrate fertilizer (34:0:0) was
applied presowing at 94.2 kg ha™'. Weeds were controlled

Table 1. Number and percentage of covered kernel smutted
plants in the F4, F,, and parental varieties.

Total Smutted Diseased

Generation plants plants (%)
Field sowing

B35-6 329 0 0.0

BTx623 349 X 2.3

SC414 298 0 0.0

Sureno 455 0 0.0
Greenhouse

B35-6 79 0 0.0

BTx623 71 54 76.1

SC414 80 0 0.0

Surefio 85 0 0.0
Fi

B35-6 x Surefio 19 0 0.0

Surefio x BTx623 18 4 22.2

Fa

B35-6 x Surefio 135 0 0.0

Surefio x SC414 122 32 26.2

B35-6 x SC414 47 2 4.3

SC414 x BTx623 147 31 21.1

Surefio x BTx623 165 56 33.9
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by applying Ramrod/Atrazine (Propachlor, (2-chloro-N-
isopropylacetanilide, 48%); [2-chloro-4-
(ethylamino)-6-(isopropylamino-s-tirazine, 15.5%]} pre-
emergence at 12.6 L ha™ followed by hand weeding as
needed. B35-6 x BTx623 provided 33 F; lines, Sureno x
BTx623 provided 38 F; lines, and 41 F; lines were
obtained from SC414 x BTx623.

Atrazine,

Seed sterilization. Seeds were immersed in a mixture of
formalin and water (1:300 v/v) for 1 h. Seeds were then
washed in running tap water for 30 min, air-dried for 24 h
and stored in paper envelopes (Dhingra and Sinclair 1985).

Inoculum preparation. Inoculum consisted of a mixture
of S. sorghi teliospores from infected panicles of sorghum
cultivars collected from the covered kernel smut nursery
at the Rocky Ford Experiment Farm, Manhattan, Kansas.
Smutted panicles were threshed by hand in plastic bags.
The smut mass was sieved through 100 and 400 mesh
screens to eliminate debris. Teliospores were stored at
4°C prior to use.

Seeds infested with teliospores. Dry teliospores (0.6% w/w)
were added to F; seeds in paper envelopes. The envelopes
were thoroughly shaken to ensure uniform distribution of
spores on the seed coat. Infested seeds were sown under
field conditions within 2 h of treatment.

Partial vacuum infestion. F; and F, seeds were mixed
with teliospores (0.2% w/w), and a sufficient amount of
water to wet the seed was added. The mixture was then
placed under partial vacuum (180-200 mm Hg) for 1 h,
and the vacuum was released at 15 min intervals. Seeds
were dried at room temperature, and the procedure was
repeated the following day. After the second application
had dried, teliospores (0.2% by weight) were added to the
F4 and F; seeds in paper envelopes, shaken vigorously
(Selvaraj 1980) and sown in the greenhouse within 2 h.

Disease incidence. Disease incidence (%) was determined
by dividing the sum of smutted plants after all plants had
reached physiological maturity by the total number of
plants. Data were analyzed by Chi-square tests (Gomez
and Gomez 1984).

Results

Smut reaction of parents. Resistant parents remained
immune to S. sorghi under both field and greenhouse
conditions (Table 1). The incidence (76%) of smutted
panicles of BTx623 grown under greenhouse conditions
was substantially higher than that in BTx623 plants grown
in the field (2.3%).

The reactions of F; progenies of the crosses B35-6 x
Sureno and Surefio x BTx623 suggest incomplete



dominance ofresistance. The resistance of B35-6 is either
dominant or it has the same gene(s) for resistance as
Sureno (B35-6 x Sureno, Table 1). Reaction of other F4
progenies to covered kernel smut could not be determined
due to the limited number of seeds.

Smut reaction of R x R F; progenies. There was
variability in smut reactions among crosses of resistant
(R) by resistant (R) germplasm (Table 1). F, progenies of
B35-6 x Sureno were free from smut and only 2 plants out
of a total of 47 plants in the F, progenies of SC 414 x B 35-
6 were smutted. Although unanticipated, 26% of the F,
progenies of Sureno x SC 414 were smutted.

Smut reaction of R x S F, progenies. Covered kernel
smut incidence varied among crosses of resistant (R) and
susceptible (S) parents, depending on the greenhouse in
which each cross was grown. Greenhouse 1 was located
on a north exposure in the complex and temperature
gradients were more severe in the winter than those in
greenhouse 2, which was located on the south exposure.
Both greenhouses contained the same heating and
cooling equipment and were constructed in the same year,
but pots in greenhouse 2 were placed on raised benches
while those in greenhouse 1 were placed on the floor-
which may have resulted in lower soil temperatures and
lower light intensities for the plants grown in greenhouse
1. Plants in greenhouse 2 matured earlier than those in
greenhouse 1, with a maturity difference of 2-4 weeks,
although the time of sowing was identical in both
greenhouses. Because of genotype x environmental
interaction, a test for independence was performed.
Contingency Chi-square values of 0.28, P = 0.70-0.50 for
the cross SC414 x BTx623, and 0.022, P = 0.90-0.70 for
Sureno x BTx623, indicated no significant differences in
disease reaction between greenhouses. Therefore, the
Chi-square test was calculated using the pooled data from
both greenhouses.

Reaction of F; lines to smut. Conditions for smut
infection were not conducive under field conditions as
shown by the low incidence (2.3%) of infection in the
susceptible parent (Table 1). F3 lines of the crosses

exhibited a numerically higher incidence of covered
kernel smut than the susceptible parent (BTx623, Table
1), with a mean covered kernel smut incidence 0f6.2% in
38 F;lines of Sureno x BTx623, 3.8% in 41 F3 lines of
SC414 x BTx623, and 3.7% in 33 F; lines of B35-6 x
BTx623 (data not shown).

The smutted F3 lines were merely classed as susceptible,
because it was impossible to separate segregating and
homozygous susceptible lines. Therefore, a 1:3 ratio for
homozygous resistant to segregating and homozygous
susceptible classes was assumed, and the Chi-square
values were calculated on this basis. The Chi-square and
probability values indicated a close fit for the 1:3 ratio of
the F; families of SC414 x BTx623 and Sureno x BTx623
(Table 2). These results are in good agreement with those
of the greenhouse screens of F, families of each
respective F3 family, thus confirming the operation of a
single dominant gene conferring resistance. These results
are similar to those obtained by others (Casady 1961,
Marcy 1937a, b, Swanson and Parker 1931).

Discussion

F1 progenies of Sureno x BTx623 showed an incomplete
dominance of resistance. Similar results were reported
(Casady 1961) in F; plants of Combine Kafir 60 (S) x
Spur Feterita (R) and Pink Kafir (S) x Spur Feterita (R).
There was a very limited amount of F4 seed from the other
resistant x susceptible crosses and therefore no
conclusion could be reached about the reactions of their
progenies to S. sorghi.

A 3:1 ratio of resistant to susceptible plants was
obtained in the F, population of SC414 x BTx623 (Table 1).
The calculated Chi-square value of 1, P = 0.50-0.10
suggests the segregation of a single gene pair under the
prevailing environmental conditions with the isolate of 5.
sorghi used in this experiment. A poor fit of the 3:1 ratio
of resistant to susceptible plants was obtained in the F;
population of Sureno x BTx623 (Table 1), suggestsing
incomplete dominance. Higher smut incidence in the Fy4
progeny of Sureno x BTx623 was a further indication of
the incomplete dominance of resistance from Sureno.

Table 2. Segregation for covered kernel smut among F; sorghum lines from three crosses grown under field conditions,

Manhattan, KS, USA, 1995.

Expected
Cross (N)' (S)? ratio NG P
B35-6 x BTx623 19 14 1:3 15.36 <0.001
SC414 x BTx623 12 29 1:3 0.20 0.5-0.3
Sureno x BTx623 11 27 13 0.14 0.7-0.5

1. N = Non-segregating.
S

2. = Segregating or susceptible.
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Data from the F, plants of B35-6 x SC414, B35-6 x
Sureno, and Sureno x SC414 (Table 1) reveals that the
lack of segregation in Sureno and B35-6 is attributable to
1) a number of lines that possess the same gene for
resistance, 2) a number of different alleles at the same
locus, or 3) that the parental lines have two tightly linked
loci and are different from that in the line SC414.
Therefore, in breeding sorghum for resistance to S. sorghi,
it is immaterial whether Sureno or B35-6 is used as the
resistant parent, although given data from this experiment,
a breeder might choose to use B35-6, especially if
producing F1 hybrids. Because of pathogen variation, it is
very useful to identify other sources of resistance such as
that found in SC414. However, the two resistance genes
from SC414 and B35-6/Surcno can be pyramided into
one line or hybrid. It still remains to be determined whether
the genes controlling resistance in B35-6 and SC414
occur in dominant or recessive form although the F, data
in R x S crosses suggests that resistance is dominant.

Differences in covered kernel smut incidence in the
susceptible parent (BTx623) in both greenhouse and field
experiments were attributable to environmental differences
as inoculation protocols utilized in this research are not
significantly different (Nzioki et al. 2000). Disease escapes
occur and the results are in agreement with long-term
evaluations of the All Disease and Insect Nursery (Claflin
and Ramundo 1996) where susceptible accessions
seldom exhibit >50% smutted panicles.

The simple mode of inheritance to S. sorghi suggests
that resistance can be easily transferred to susceptible
sorghum cultivars with desirable agronomic characteristics.
Due to the diversity of grain sorghum germplasm and
possible occurrence of physiologic races of S. sorghi in
less developed countries, additional research should be of
high priority, particularly since such a program would be
cost effective and productive in incorporating resistance
genes in either development of new cultivars or in existing
germplasm.
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the main
cereal crop in Burkina Faso with mean annual cultivated
area and grain production of 1.3 million ha and 0.943
million tons, respectively (FAO 1999). The crop is subject
to various abiotic and biotic constraints. Among the latter,
insect pests are of major importance. They mainly belong
to two groups: lepidopterous stem borers [Busseola fusca
(Fuller), Sesamia calamistis (Hampson), Coniesta ignefusalis
(Hampson), Eldana (Walker) and  Chilo
diffusilineus (de Joannis)] and panicle-feeding insects
| sorghum midge (Stenodiplosis sorghicola Coquillett) and
head bugs (particulary Eurystylus oldi Poppius)] (Dakouo
and Lankoande 1992). Yield losses due to stem borers
range from 16 to 32% under research station conditions in
the absence of protection measures (Dakouo and
Lankoande 1992). Earlier studies carried out by Dakouo
and Ratnadass (1997) revealed that B. fusca was the
dominant species at Farako-ba research station, near
Bobo-Dioulasso in the southwestern part of Burkina
Faso. Dakouo and Ratnadass (1997) developed for B.
fusca a monitoring method based on a pheromone-baited

saccharinal

trap, which was found effective on research station. The
trapping system was subsequently tested in farmers'
fields during two consecutive wet seasons in 1998 and
1999 to monitor the distribution and importance of the
pest both on research station and in farmers' fields. The
present paper reports the main results obtained.

Materials and Methods

Pheromone trap materials. The trap design was chosen
according to previous studies (Youm and Beevor 1995;
Dakouo and Ratnadass 1997). It consisted of an aluminium
tray (35.5-cm diameter) filled to a depth of 2 cm with
water to which a few drops of liquid detergent had been
added. The tray was supported 0.5 m above ground level.
A shade consisting of a second aluminium tray (26.5-cm
diameter) was suspended 5 cm above the larger tray from
a horizontal wooden support; both trays were secured
with wires. A polythene vial dispenser containing the
synthetic pheromone blend of B. fusca (commercially
available from AgriSense-BCS, UK) was suspended from
the underside of the shade on small wire.

Experimental design and trapping method. There were
seven trapping sites during the two years. Six sites were
located in farmers' sorghum fields at Darsalamy, Sisalia,
Samangan, Bankeledaga, Sakaby, and Tondogosso, all
within a radius of 5 to 25 km from the site located on the
Farako-ba research station.

Moth catches were sorted, removed, and recorded daily
at the research station, and three times a week in farmer's
fields (in the latter sites by the farmers who had been
trained prior to the experiment). Pheromone traps operated
from May to December corresponding to the wet season.
Pheromone dispensers were replaced every month.

Results and Discussion

Catches were observed from the 26* to the 48* conventional
weeks with two distinct peaks of moth flights in both
years (Fig. 1). The first peak was observed between the
29" and the 35™ conventional weeks. The second peak,
which was larger, occurred during the 42" week in 1998,
and the 41°%' week in 1999. No moths were trapped after
the 48" conventional week during either year. The number
of moths caught per location ranged from 341 to 817 in
1998 and from 195 to 541 in 1999 (Table 1). The total
number of moths caught all locations was 4108 in 1998
and 2389 in 1999 (Table 1).

The results confirmed the efficiency of the pheromone-
baited trap in monitoring adult population of B. fusca
both on-station and in farmers' fields. These promising

Table 1. Average and total number of male Busseola fusca moths caught in pheromone-baited traps as function of conventional

weeks and years, Burkina Faso, 1998-99.

Total number

Locations of moths caught
Year Farako-ba Darsamalamy Sisalia Samangan Banakeledaga Sakaby Tondogosso per year
1998 605 629 817 571 341 509 636 4108
1999 455 541 389 363 195 246 200 2389
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Figure 1. Males of Busseolafusca caught in pheromone-baited
traps as a function of weeks and years, Burkina Faso, 1998 and
1999.

results could be used in the development of an IPM
strategy for the control of stem borers by a better timing
of insecticide application. Alternatively, there is prospect for
use of B. fusca pheromone in mating disruption as
promising results were reported by Critchley et al. (1997)
from Kenya. Further investigations are needed.
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Introduction

Greenbug [Schizaphis graminum (Rondani)] has been a
major insect pest of sorghum [Sorghum bicolor (L.)
Moench] since 1968 (Harvey and Hackerott 1969).
Greenbugs kill seedlings and reduce yield of more mature
plants (Cronholm et al. 1998). Management tactics
include the use of foliar insecticides and plant resistance.
However, greenbugs have developed new biotypes and
resistance to insecticides. In addition, environmental and
health concerns regarding certain pesticides have eliminated
or restricted their use. Recent focus has been on use of
systemic, seed-applied insecticides such as Cruiser
(thiamethoxam, 50.0% a.i.) and Gaucho (imidacloprid,
40.7% a.i.). Objectives of this research were to assess
effects of Cruiser and Gaucho on damage caused by
greenbug, sorghum germination, emergence, and yield.

Materials and Methods

Experiments were conducted at Pioneer Hi-Bred Inter-
national and at the Stokes commercial farm 8 km away
near Plainview, Texas. Soil was Pullman clay loam. The
sorghum was grown with limited irrigation. Reduced
tillage, manual labor, and herbicides were used to control
weeds. Seed was sown on 5 May 2000 to yield 173,000
plants per hectare at the Stokes farm. Seed was sown at
Pioneer Hi-Bred International on 7 June 2000 to yield
215,000 plants per hectare. Randomized split plots with
sorghum hybrids as the main blocks and seed treatments



Table 1. Comparison of seed treatments on greenbug abundance and sorghum germination, emergence, and yield, Plain view.

Texas, USA, 2000.

Germination (%)

Greenbug Emergence Yield
Seed treatment’ damage score? Warm Cold (% of seeds sown) (kg ha™)
Concep 11l (control) 54 a 946 a 939 a 70.9 ab 3620 a
Cruiser 22b 929 a 92.1 a 759 a 3810 a
Cruiser + Concep |11 21b 904 b 90.7 a 721 ab 4000 a
Gaucho 19 b 873 c 925 a 74.0 ab 3920 a
Gaucho + Concep Il 20b 88.8 bc 91.8 a 629 c 3860 a
Gaucho + Concep |11 + Magna britener 27b 87.2¢c 90.8 a 68.5 b 4050 a
Data presented are treatment means across all hybrids and both locations.
Means followed by the same letter in a column are not significantly different (Duncan's Studentized Range (HSD) Test at P = 0.05).
1. Concep Il = fluxofenim, 74.3% a.i., Cruiser = thiamethoxam, 50.0% a.i., Gaucho = imidacloprid, 40.7% a.i., Magna britener = mica + titanium

oxide, 21.0% a.i.
2. Greenbug damage score
1 = No aphids in plot; 2 =

Less than 50 aphids on 50% of plants; 3 = 50-100 aphids on 50% of plants, with red mosaic patterns beginning mosaic

patterns caused by aphids; 4 = 100+ aphids on 50% of plants, with 20% of plants showing red mosaic patterns caused by aphids; 5 = 200+ aphids

on 50% or more of plants and 50% of plants with red; 6 = Death of 1 functional leaf on 20% of plants; treatment recommended at this point; 7=

Death of 1 functional leaf on 50% of plants; 8 = Death of 2 or more leaves on 20% of plants; 9 = Plant death.

as the split plots were used with 4 replications per site.
Pioneer hybrids 8212Y, 85Y34, 85Y22, and 8313 were
used. All treated with
Allegiance (metalaxyl, 27.0% a.i.) and Captan (captan,
37.4% a.i.), and the insecticide Redlan (chlorpyrifos-
methyl, 43.2% a.i.). Insecticides Cruiser and Gaucho,
herbicide antidote Concep Il (fluxofenim, 74.3% a.i.),
and seed lubricant Magna britener (mica + titanium oxide,

seeds were the fungicides

21.0% a.i.) were applied to the seeds in 6 combinations.

Vacuum plate seed counters and incubation chambers
were used to assess the effect of the seed treatments on
germination under cool or warm conditions. Seeds were
germinated at a constant 15.6EC for 10 days or at 20EC
for 8 hours and 30EC for 16 hours for 7 days. A seed was
considered germinated if the seedling had a root and
shoot length of >6 mm. Numbers of plants that emerged
in the field were counted at the 2-3 true-leaf stage of
growth. Greenbug damage to sorghum was evaluated at
40, 50, and 60 days after sowing.

Results and Discussion

Effects of seed treatments on greenbug abundance and
growth of sorghum hybrids are presented in Table 1.
Greenbugs were more than twice as abundant on non-
treated as on treated sorghum. Greenbug abundance
gradually increased during the season but remained low.

Significant differences were observed in percentages
of treated seeds that germinated under warm conditions.
Most seeds, 94.6%, germinated when treated only with

Concep Ill. Significantly more seeds germinated when
treated with Cruiser than with Gaucho. But germination
of seeds treated with Cruiser + Concep IlIl was not
significantly different than germination of seeds treated
with Gaucho + Concep Ill. Fewest seeds, 87.2%, germinated
when treated with Magna britener. The seed treatments
resulted in no significant differences in germination at
cool temperatures.

The seed treatments caused significant differences in
percentages of plants that emerged. Emergence was least,
62.9%, when seeds were treated with Gaucho + Concep |11,
significantly less than seeds treated with either treatment
of Cruiser or with Gaucho only. Sorghum treated with
Concep Il only or Cruiser germinated well but did not
emerge better than that treated with other chemicals.

There were no significant differences in yield among
sorghums treated with the different chemicals. Sorghum
treated with Gaucho + Concep Il + Magna britener
yielded most and the control treatment (Concep 1l only)
yielded least.
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Introduction

The mirid panicle-feeding bug (= head bug) Eurystylus
oldi Poppius has recently become a key pest of sorghum
[Sorghum bicolor (L.) Moench] in the savanna areas of the
West and Central Africa (WCA) region, where this cereal
is the most important food crop. Diallel analyses showed
that additive gene effects could be very important in the
inheritance of resistance to this pest, and suggested high
heritability (Ratnadass et al. in press). A QTL mapping
project aimed at completing these earlier inheritance
studies was undertaken by CIRAD in Mali and France.
This report presents its preliminary results.

Materials and Methods

A F, progeny derived from a cross between head-bug
resistant sorghum cultivar Malisor 84-7 and head-bug
susceptible S 34, was selected for mapping studies. The
mapping population consisted of 217 plants. The F;
phenotypic evaluation trial was sown at the Samanko
research station of the ICRISAT-CIRAD Joint Sorghum
Program, Mali, during the 1997 rainy season, in a plot
consisting of ten 6-m rows, with an inter-row spacing of
0.75 m. In order to avoid selection, it was sown in continuous
lines, and thinned two weeks after sowing, so as to have
an inter-plant spacing of 0.20 m, with one plant per hill.
The F, plot was bordered with one row of each of the
parents on each side.

The head-cage technique used in earlier inheritance
studies (Ratnadass et al. in press) was slightly modified so
as to allow the artificial infestation of the upper part of the
panicle with 10 head bug pairs, the protected bottom part
serving as a control for parameters measured at grain
maturity, namely thousand kernel weight (TKW) and
germination rate (GER); head-bug damage was assessed
visually on a 1-9 scale (where 1 = all grains fully developed
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with only a few head bug feeding punctures, and 9 = most
grains undeveloped and barely visible outside the glumes
due to head bug feeding and oviposition) (Ratnadass et al.
in press) on the infested part of the panicle (NOTF2). The
following criteria were used to account for head-bug
damage:

* %TKW: relative difference in TKW between the
protected and the infested parts of the panicle [100 x
(TKW, - TKW )/ TKW,] calculated over the plants on
which the parameter could be measured on several
replications of 1000 grains, namely 136 plants out of
217.

+ DGER: difference in germination rate between the
protected and the infested parts of the panicle [GER, -
GER/].

Seeds of the protected (and self-pollinated) bottom
part of each of the 217 plants were sown in the greenhouse
and the DNA was extracted from a bulk of five Fj
seedlings, representing each F; plant.

During the 1999 cropping season, seeds of F4 plants
derived from the remnant seeds of the protected (and self-
pollinated) bottom part of 110 F, panicles of the 1997
trial, representing the F3; families, were sown at Samanko
in a randomized complete block design trial with two
replications and one 5-m row per plot, with one row of
each of the two parents every 10 rows. At grain maturity,
panicles of the Fs plants representing F; families were
scored for head bug damage under natural infestation,
using the 1-9 scale (NOTF3).

For building the sorghum genetic map, 345 RFLP
probes, selected according to their localization on our
reference map (Dufour et al. 1997, Boivin et al. 1999,
Ventelon et al. 2001), were screened in combination with
six restriction enzymes (BamHI, Dral, EcoRI, EcoRV,
Hindlll and Ssfl) for their ability to reveal polymorphism.
Probes were obtained from various sources: rice (RZ
prefix), oat (CDO prefix) and barley probes (BCD prefix)
from Cornell University; rice probes (R and C prefixes)
from the Rice Genomic Project; maize probes (UMC
prefix from the University of Missouri, BNL prefix from
the Brookhaven National Laboratory, CSU from California
State University); pearl millet probes (PSM prefix) from
the John Innes Centre; sugarcane probes (S SIR prefix)
from CIRAD and sorghum probes (SbRPG prefix)
produced in collaboration with RUSTICA PROGRAIN
GENETIQUE and CIRAD. Forty-nine microsatellite
markers developed by Brown et al. (1996) and Taramino
et al. (1997) were also screened (m prefix on the map).
The computer software Mapmaker 3.0 (Lander et al.
1987) was used for map construction. A LOD threshold
of 5.0 and a maximum distance of 50 centiMorgans (cM)
were used to establish linkage groups. Markers were
ordered by multipoint analyses. Genetic distances were



estimated with the Haldane mapping faction. Linkage
groups (LGs) were named on the basis of their homology
with the LGs of our reference map.

QTLs were detected using the PlabQTL software
package (Utz and Melchinger 1995). The analysis was
performed using composite interval mapping (C1M) with
a LOD value of 2.0, and the marker the closest to the QTL
was used as a co-factor. A QTL was declared significant
when the LOD value was above 3.0. This threshold was
determined by the permutation method implemented in
the QTL Cartographer software (Basten et al. 1997) with
a global type-l error of 5%. A QTL was declared putative
when the LOD value was between 2.0 and 3.0.

Results and Discussion

Among the 345 RFLP probes tested, 81 could reveal
polymorphism between the two parents. In addition, 14
microsatellite markers gave usable amplification products.
The genetic map based on the Malisor 84-7 x S 34 cross
includes 92 distributed over 13 LGs, covering a total
distance of 1160 cM. Three markers remained independent.
Composition and order of markers in this map are globally
consistent with those of the most recent composite map
(which includes 416 RFLP loci distributed over 11
linkage groups, covering a genetic distance of 1495 cM:
Ventelon et al. 2001; and unpublished data). However,
genome coverage remains low in
particularly for LGs A, B and J (Fig. 1).

some regions,

Three significant and seven putative QTLs were
detected (Table 1). The significant QTLs, which explained
an important part of the phenotypic variation (R?), were
placed on the genetic map (Fig. 1). Concerning reduction
in TKW, one QTL that accounted for 13% ofthe phenotypic
variation was detected in the interval between markers
SbRPG943 and RZ630on LG C2. Forthis QTL, resistance
is conditioned by me Malisor 84-7 allele and is dominant.
A QTL for TKW was also found in the same region of LG C
by Rami et al. (1998).

Two QTLs were detected for visual damage score
under natural head bug infestation (NOTF3). These were
on LG D, in the interval between markers RZ476 and
SbRPG872, and on LG E, between markers SbRPG667
and CDO580. They explained 16 and 26% of the phenotypic
variation for this trait, respectively. Resistance from the
QTL on LG D is conditioned by me S 34 allele, whereas
resistance from the QTL on LG E is provided by the
Malisor 84-7 allele; in both cases, resistance is recessive.
No significant QTLs were detected for NOTF2 and
DGER but co-localization of two putative QTLs for these
traits was observed in the interval between markers BNL
5.37 and SbRPG749 on LG G2 and in both cases,
resistance is conditioned by the S 34 allele.

These results are partly in line with the recessive
nature of head bug resistance suggested by earlier results
based on visual damage assessment on the one hand, and
me existence of resistance genes in me susceptible parent,
suggested by transgressive segregations, on the other

hand. Since mere was no correlation between NOTF2 and

Table 1. Genetic characteristics of significant and putative QTLs detected for the traits measured under natural and artificial

infestation of sorghum progenies with head bugs.

Cofactors N LG Markers interval Positon LOD R? a d Direction
F2 ( natural infestation)
NOTF2 BNL5.37 1 G2 BNL5.37-SbRPG749 16.5 29 65 -044 0.64 PB
% TKW RZ630, BNL5.37 1 C2 SbRPG943-RZ630 132 419 132 10.31 -7.31 PA
DGER BNL5.37. RZ123. UMC29 2 G2 BNL5.37-SbRPG749 18.5 215 49 -6.62 6.28 PB
| UMC29-SbRPG931 14 245 54 713 6.02 PA
F, (artificial infestation)
NOTF3 SbRPG826. RZ476, CDO580, 6 C2 CDO0O20-C223 16 2.08 104 -0.09 0.19 PB
UMC 139 C2 RZ630-SbRPG826 144 25 119 -0.19 0.15 PB
D RZ476-SbRPG872 36 365 162 -0.09 0.30 PB
E SbRPG667-CDO580 59 591 26.1 0.24 0.20 PA
E  RZ244b-SbRPG852 55.9 249 115 -0.19 013 PB
F  mAGB03-UMC139 76 244 112 013 0.18 PA
Italic lines indicate that the QTL was detected at a non significant level (LOD<3)
N: number of QTLs detected for each trait
LG: linkage group
Position: cumulative distance in cM from the first marker of the LG to he position of me LOD peak

R% percentage of me phenotypic variation explained by the QTL

aandd: additive and dominance effects as estimated by the program

Direction: origin of the allele contributing to the resistance: Parent A (Malisor 84-7) or Parent B (S 34)
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Figure 1. Genetic map and localization of significant QTLs for head-bug resistance in sorghum.
Each QTL detected at LOD score >3.0 is represented by circle located on its LOD peak (white circle resistance conditioned by the allele

of the susceptible parent S 34; grey circle resistance conditioned by the allele of the resistant parent Malisor 84-7).
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NOTF3, they also suggest the possible existence ofdifferent
mechanisms of resistance under natural infestation on the
one hand (namely under multiple-choice conditions and
possibility of no coincidence between pest population
peak and plant susceptible stage), and under artificial
infestation on the other hand (under no-choice
conditions, and no possibility of "escape", time- or space-
wise).

Much remains to be done before application of
marker-assisted selection for head-bug resistance can be
envisaged. As a first step, a new phenotyping of families
derived from this cross should be considered, with
multilocational testing. However, the number of
progenies that are still available for this testing (less than
a hundred) might not suffice, and it could be relevant to
start all over with a cross with parents more distant
genetically so as to have more polymorphic markers, a
more saturated map, and higher probability for QTL
detection. Based on the pattern of segregation for head-
bug resistance observed for some parameters in the F;
progeny (e.g., TKW), the artificial infestation technique
could be refined by reducing head-bug pressure on the
infested part of the panicle. Other parameters usually
highly correlated with damage score and considered as
translating sorghum grain reaction to head bug attacks,
could also be evaluated (e.g., percent flotation in a
sodium nitrate solution).
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Introduction

Sorghum containing condensed tannins has dominant
BB, genes that produce a thick, pigmented testa layer in
the kernel upon maturation (Blakely et al. 1979, Earp and
Rooney 1986). This layer varies in thickness, intensity
and color. The presence of this pigmented layer indicates
that the kernel contains condensed tannins that reduce the
feed efficiency of livestock rations. These "bird proof
sorghums are readily consumed by birds and other
livestock when provided in feed rations; however, more
ration is required to produce the same amount of daily
gain. Thus feed efficiency is reduced significantly. The
decrease in feed efficiency depends on the livestock
species, the method of feeding and other factors.

The best method of determining condensed tannins in
sorghum is the vanillin-HCI method when the blanks are
subtracted to eliminate background non-tannin materials.
However, it requires significant time and is not readily
applied in routine grading of sorghum. Efforts by the
National Sorghum Grain Producers Association have
nearly eliminated tannin sorghum production in the
United States. However, a bleach test is used to look for
tannin sorghums during grading (Waniska et al. 1992).

The Clorox® bleach test is used by the United States
Department of Agriculture's Federal Grain Inspection
Service-Grain Inspection, Packers and Stockyard
Administration (USDA-FGIS-GIPSA) (USDA 1987) to
test samples during grading for the presence of tannin
sorghum, since the color of red and tannin sorghums are
similar, especially when sorghum is weathered. This test
uses Clorox bleach and KOH to remove the pericarp and
turn the pigmented testa layer dark black. It is relatively
simple, quick, inexpensive and usually provides an accurate
indication of the relative percentage of tannin sorghum
kernels during grading and assigning class. The test
should always be run along with standard check samples
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oftannin and non-tannin sorghums to confirm that the test
is working properly since the Clorox loses it strength over
time.

Under certain circumstances, sorghums without a
pigmented testa will turn dark or black after bleaching,
which can lead to erroneous conclusions that a sorghum
contains tannins. The false positives occur when sorghum
is extensively weathered or molded in the field prior to
harvest. The anthocyanin pigments from the glumes and
pericarp migrate deep into the endosperm and can form a
colored layer that can be confused with a pigmented testa.
In addition, the kernel produces anthocyanins and other
pigments in response to insect bites and infection by
molds prior to and after maturation. These non-tannin
pigments stain the outer layers so intensely that a dark
color remains on the kernel after bleaching. These kernels
are sometimes classed as tannin sorghums by inspectors
who do not have much experience with grading of
sorghum or never see the relation of grain weathering and
stained kernels after bleaching.

The FGIS-GIPSA procedures clearly indicate that
weathered sorghum kernels should not be counted as
tannin sorghums. This is stated in their procedures as
follows: "sorghum kernels injured due to mold, insect,
and weather damage may exhibit dark spots similar to
those depicted above and should not be confused with
bleached tannin sorghum." Thus experienced grain
inspectors know to look for stained sorghum kernels but
relatively inexperienced inspectors may not be aware of
this situation and that can cause erroneous and confusing
marketing problems when off-colored, stained sorghum
is called tannin sorghum.

We have observed this situation on many occasions
during the past. It can cause sorghum to be improperly
classed as mixed sorghum, which is unfortunate since
there is no evidence to suggest that these pigments decrease
feeding value. This can be clarified by using the vanillin-
HCI method to quantitatively analyze for condensed tannins
by removing the absorbance of the blank, which eliminates
the inherent background material (Price et al. 1978).

The objective of this presentation is to document what
these kernels look like before and after bleaching compared
to non-tannin and tannin sorghums.

Materials and Methods

Commercial sorghum samples that had been graded as
containing more than 3% tannin sorghum, thus becoming
mixed sorghum, were obtained from an elevator and swine
feeding operation. The samples included a red and a white
pericarp sorghum. Both had purple plant color and glumes.
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Figure 2. A, B. Unbleached half kernels of non-tannin (A) and tannin (B) sorghum showing the effect of weathering on appearance and
apparent pigmented layers under the pericarp. The arrows indicate where damage has occurred. C, D. Bleached half kernels of non-

tannin (C) and tannin (D) sorghums. Arrows indicate weathering and damage. The non-tannin kernels are hard to distinguish from those
with tannins because of the pigments leached into the kernel that give the appearance of a pigmented testa.
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Bleach test. Standard procedures according to FGIS-
GIPSA were used and standard sorghum and tannin
sorghums were included as checks during all bleaching
procedures. All analyses were repeated at least three times
with excellent precision.

Photos were taken of longitudinal kernels selected to
represent the dark weathered kernels and the normal
appearing kernels from each sample.

Condensed tannins were determined by the vanillin-
HCI method of Price et al. (1978) with the blanks subtracted
to eliminate non-tannin positives (Hahn and Rooney
1984). Catechin was used as a standard. The modified
Folin-Ciocalteu method of Kaluza et al. (1980) was used
to determine phenols; absorbance was measured at 600
nm, and gallic acid was used as a standard.

Microscopy. Kernels that appeared dark were selected
and sectioned by hand and viewed with a Zeiss light

microscope to determine if a pigmented testa was present.
Half kernels of a normal and a weathered kernel that was
representative of the false-positive grains were viewed
with a JEOL scanning electron microscope.

Results and Discussion

Hand sectioning of the suspected false positive samples
indicated that no testa was present (not shown). Photos of
standard sorghum samples and the commercial samples
that produced false positives are presented (Fig. 1A-C)
along with longitudinal sections of the same kernels
(Fig. 2A, B). The pigments have diffused from the purple
glumes, from the red pericarp and in some cases are the
result of insect bites or damage (Fig. 2A, B arrows). The
severely weathered, insect damaged or molded kernels in
the bleached samples (Fig. 1E, F) appear dark but the

Table 1. Tannins' (catechin) and phenols in sorghum samples.

Sample analysis Brown ATx623 x SC103

White weathered

White non-weathered Red weathered Red non-weathered

Tannins
Blank 0.051 0.150
Abs.- Blank 0.180 -0.004
mg/100mg 23 -0.02
St. dev. 0.11 0.08
Phenols
mg/100mg 1.26 0.38
St. dev. 0.05 0.01

0.013 0.225 0.072
0.001 0.006 0.002
0.01 0.07 0.03
0.00 0.06 0.02
0.28 0.22 0.11
0.03 0.02 0.02

1. (absorbance of sample - blank) at 500 nm; results are means of triplicates.

A. Normal Kernel

B. Weathered or Bitten

Figure 3. Scanning electron microscopy photos of A) non-weathered and B) weathered sorghum kernels.
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intensity of the darkness is significantly less than those
with a pigmented testa (Fig. 1D). The bleached white
damaged kernels are in general less dark than the
damaged kernels from the red sorghum. After bleaching
the sorghum samples, the interior damage to the weathered
grains became more apparent in the longitudinal views
and internal staining was visible on the outer surface (Fig.
2C, arrows indicate damage). Aside from the dark testa
layer, the tannin sorghums underwent very little damage
and the entire outer appearance was black (Fig. 2D, Fig. 1D).

When a sorghum kernel undergoes weathering or
suffers an insect bite, the resulting damage to the
endosperm can be seen in the SEM photos (Fig. 3A, B).
The seed responds to damage by producing enzymes that
degrade the starch in the endosperm (Fig. 3B), as well as
releasing anthocyanins into the damaged areas. This is
why the heavily weathered kernels in Fig. 2A and B
usually have a more floury, less defined endosperm
structure where the pigments are released.

The damaged commercial white and red sorghums
have only trace levels of catechins, which indicates that
they did not contain condensed tannins (Table 1). The
weathered samples had significantly higher vanillin-HCI
blank readings than non-weathered sorghums, indicating
they had higher levels of background pigmentation. The
total phenol analysis confirmed that the weathered
kernels had significantly higher levels of phenols. Hence,
the false positives from the bleach test (Fig. 1) were
mainly due to pigments that leached deep inside the
endosperm and could not be removed by the bleaching
procedure. Caution is thus required when interpreting
bleach test data alone. Appropriate standards should be
incorporated when suspected false positives are noticed.
Analysis via the vanillin-HClI method can be used to
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confirm that the sample does not contain tannin sorghums.
The kernels can also be dissected and visually evaluated
for the presence of a testa layer, which can be difficult
without sufficient experience.

Fortunately the problem of false positive tannin sorghums
does not occur routinely and causes only limited problems.
However, when it happens, improper classification is
significant. With vigilance and a working knowledge of
the methods available, these situations can be minimized.
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Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is the 6"
most important cereal crop in the world following wheat,
rice, maize, barley, and sorghum (Jauhar 1981). It is
grown on about 28 million ha worldwide, the largest areas
being in India and the Sahel of West Africa where its
nutritious grains are mainly used for human consumption.
In other areas, eg, the United States, Australia, and South
America, pearl millet is used for feed and fodder
production. Itis usually grown where it is too dry, the soil
fertility is too low, and growing conditions are too harsh
to grow most other grain crops. However, it responds
positively to favorable fertility and moisture conditions
(Hanna 1998).

For a plant breeder, it is essential to have accessions
that represent the largest possible genetic diversity needed
to accomplish the objectives of a breeding program.
Before it was possible to store pearl millet pollen, hybrids
could only be made among breeding lines with similar
flowering behavior or by staggering sowings of breeding
lines. Now, using stored pollen (Hanna 1990) crosses can
be easily made among breeding lines regardless of
flowering response and sowing date. Pollen storage is a
valuable tool in plant breeding programs. Storage
temperature and pollen moisture are two of the most
critical factors affecting the viability of stored pollen (Stanley
and Linkskens 1974). The objectives of this study were to
determine the effects of drying time and technique on the
viability of stored pearl millet pollen as estimated by seed
set on cytoplasmic-nuclear male-sterile inflorescences.

Materials and Methods

Pollen was collected from field-grown SOSAT-C88, an
improved pearl millet cultivar from West Africa,
following general procedures previously described by
Hanna(1990).

Pollen was dried in the following treatments (T):

T4 = 1 hin glassine bags in a forced-air oven at 38°C.

T, = 2 hin glassine bags in a forced-air oven at 38°C.

Ts; = 2 h in glassine bag in a forced-air oven at 38°C
followed by 1 h exposed in a thin layer on glass
plates.

T4 = Control, fresh pollen collected on the day of each
application and not dried or stored.

This T4 pollen was used on each pollination date to
check for seed set differences that may be due to variation
in female parent stigma receptivity.

Each treatment was replicated four times. After drying
in the oven treatments T4, T,, and T3 were screened
through a 450-mm sieve to separate anthers from pollen.
After each drying treatment pollen water content was
determined from a 0.5 mL sample dried at 80°C for 18 h.
The pollen was stored in small glass vials in a freezer at
5°C.

Pollen viability after storage was determined by taking
pollen from each of the four replications' containers of
each treatment, and pollinating four cytoplasmic-nuclear
male-sterile (cms) inflorescences. The crosses were made
2, 4, and 6 weeks after storage. Pollen viability was
determined by scoring percentage seed set 21 days after
pollination. The mean values for each treatment are
summarized in Table 1.

Results and Discussion

Pollen water contents of treatment after drying were T4
4%, T, 3.7%, and T3 2%. There were no significant
(P<0.05) differences in seed set from pollen stored for 2,
4, or 6 weeks. There were no differences in seed set among
T,, T3, and T4. However, pollen from T, set significantly
less seed on a cms inflorescence than the other treatments.
Apparently, drying pollen on a glass plate for 1 h in a
convection oven after drying it glassine bags is not
necessary. Drying pearl millet pollen for 2 h in glassine
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Table 1. Effect of pollen drying techniques on seed set (to

estimate viability of pearl millet pollen).

Seed set (%) after storage (weeks)

Pollen treatments 2 4 6
T, 26 26 50
T 100 100 100
2
Ts 100 100 100
T, 100 100 100
LSD
Treatments (P<0.05) 20
Dates (P<0.05) 17

bags in a forced-air oven is sufficient to maintain the
viability of stored pollen for at least 6 weeks. There was
no treatment x date interaction.

According to studies by Hanna (1990) on the long-
term conservation of pollen, two factors affect the viability
of pollen: its moisture content at the time of storage, and
temperature during storage. The moisture content of the
pollen must be lower than 4% to maintain its viability. To
obtain this moisture content, 2 h of drying at 38°C are
sufficient. T, and T3 contained <4% moisture at the time
of storage and maintained the best viability in this
experiment.
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Heterosis is manifested as improved performance relative
to its parents of the F; hybrid generated by crossing
genetically diverse individuals. Breeders of F; hybrids
have always been interested in choosing parents that
would produce productive heterotic combinations
without necessarily making all possible crosses among
potential parents. Parents selected from genetically
divergent groups are expected to be more heterotic.
Multivariate analysis using Mahalanobis's D2-statistic for
the assessment of genetic divergence has an important
bearing on selection of parents for use in conventional
breeding (Bhatt 1970). The present study investigated the
relationship between genetic divergence of parents and
their hybrid performance among newly developed pearl
millet [Pennisetum glaucum (L.) R. Br.] cytoplasmic
male-sterile (CMS) lines and restorers.

Materials and Methods

Twenty-two parents (eleven newly developed CMS lines,
three control CMS lines and eight restorers) (Table 1) and
their 112 hybrids were grown in a randomized block
design with three replications at the Division of Genetics,
IARI, New Delhi during the 1995 rainy season. Each
entry was represented in each replication by a single row
of 3 m length. Observations were recorded for time to
50% flowering (d), plant height (cm), effective tillers per
plant, panicle length (cm), panicle width (cm), grain set
density (no./cm), grain yield per plant (g) and 1000-
grain mass (g). Trait means of the parental lines per se
were analyzed using Mahalanobis's D2-statistics and the
parents were grouped according to the Tocher method
(Rao 1952). Heterosis over mid-parent and over better
parent were estimated as suggested by Hayes et al.
(1955).

Results and Discussion

The 22 parents fell into seven distinct groups (Table 2) on
the basis of genetic diversity for grain yield and grain
yield component characters. Cluster | having eight genotypes



Table 1. Pearl millet hybrid parental lines used in this line x tester study.

Designation Pedigree

Origin

CMS maintainer lines

ICMB 91333 (843B x 81B)-25-1-11 ICRISAT, Patancheru
ICMB 91444 [843B x (Boudama-481 x Ankautess)-41-2+ ICRISAT, Patancheru
ICMB 92444 (843B x ICMPS-1500-7-4-1-6)-23-1-B-1-4 ICRISAT, Patancheru
ICMB 91777 [843B x (J 1623 x %Ex Bornu-96-1-10)-5-2 ICRISAT, Patancheru
ICMB 92777 [843B x (ICMP 500-4-4-3 x ICMPS 1800-3-1-2)-3-4-1-7-1-3 ICRISAT, Patancheru
ICMB 92888 [843B x ICMP 900-9-3-2-2)-41-2-6-2-2 ICRISAT, Patancheru
1023B B x B mating involving 81B, 5141B, 841B and 843B IARI, New Delhi
1049B B x B mating involving 81B, 5141B, 841B and 843B IARI, New Delhi
1109B B x B mating involving 81B, 5141B, 841B and 843B IARI, New Delhi
1139B B x B mating involving 81B, 5141B, 841B and 843B IARI, New Delhi
1161B B x B mating involving 81B, 5141B, 841B and 843B IARI, New Delhi
ICMB 841 Downy mildew resistant selection from seed lot no. 8015 of 5141B ICRISAT and IARI
843B Selection from KSU line BKM 2068 ICRISAT, Patancheru
5141B An inbred of Indian origin from Baroda 4 IARI, New Delhi
Restorers

J 104 Jamnagar selection GAU, MRS Jamnagar
D 23 K 560-230-23 IARI, New Delhi
PPMI 301 - IARI, New Delhi

M 46 Mutant from J 104

PPMI 493 - IARI, New Delhi

B 110 - IARI, New Delhi
ICMP451 LCSN 72-1-2-1-1 ICRISAT, Patancheru
H 77/833-2 Selection from landrace of the driest region of Haryana HAU, Hisar

was the largest followed by cluster Il with six genotypes.
Clusters Ill, IV and V had two genotypes each, and
clusters VI and VII had one genotype each.

Cluster | consisted of six lines from the pearl millet
improvement program at IARI, New Delhi and two lines
from ICRISAT, indicating their close genetic relationship.
In cluster Il CMS lines 843A, ICMA 91333 and ICMA
92888 (from ICRISAT) were grouped with restorer J 104
(from Jamnagar, Gujarat) and its mutant M 46, and CMS
line 1109A (both from IARI, New Delhi). Similarly
ICMA 841 and MS 5141A were grouped together. It has
been reported (Rai and Singh 1987; Singh et al. 1990) that
the maintainer of ICMA 841 was developed from residual
variability found in the maintainer of 5141A (Table 1).
The pollinator line H 77/833-2, derived from a landrace
selected from the driest areas of Haryana, and ICMA 91777,
a male-sterile line developed at ICRISAT using improved
African landrace Ex-Bornu, fell into single-genotype clusters.
This indicates that they are genetically more divergent
from rest of the materials studied.

The diversity observed among the parental lines (CMS
lines and restorers) in performance per se was reflected in
the performance per se and standard heterosis (%) of their

hybrids relative to commercial control Pusa 23 (Table 3).
Individual plant grain yield means of the hybrids ranged
from 36.6 g (1023A x M 46; standard heterosis = -56.5%)
to 143.9 g (1049A x D 23; standard heterosis = +71.4%).

Table 2. Pearl millet hybrid parents and their clusters.

Number

Cluster of lines Hybrid parental lines

1 8 ICMA 92444, ICMA 92777,
1049A, 1023 A, 1139 A,
1161A, PPMI 301, B 110

I 6 843A, ICMA 91333, ICMA
92888, 1109A,J104, M 46

11 2 D 23, ICMP 451

I\ 2 ICMA 841, 5141A

\Y, 2 ICMA 91444, PPMI 493

\ 1 ICMA 91777

Vil 1 H 77/833-2
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Table 4. Association of genetic diversity with heterosis in pearl millet.

Heterosis over mid-parent

Heterosis over control (Pusa 23)

Superior crosses*

Total crosses 106
Intra-cluster 20(18%)
Inter-cluster 86 (82%)

9 20
1(10%) 1(5%)
8 (90%) 19 (95%)

* (> 90 g per plant).

Observations for components of individual plant grain
yield were similar. Of the 112 hybrids assessed, 106
showed mid-parental heterosis (Table 4). Out of these
heterotic hybrids, 86 had parents from different clusters
(ie, inter-cluster parentage) whereas only 20 were derived
from parents from the same cluster. Of the 29 crosses
showing significant and positive specific combining ability
effects, 23 crosses (80%) had inter-cluster parentage.

Except for 1049A x B 110, the nine hybrids showing
significant and positive standard heterosis (over Pusa 23)
all involved two parents from different groups. Hybridization
of genetically diverse parents belonging to clusters
separated by high inter-cluster values is suggested for
achieving desirable heterosis or for isolating productive
recombinants (Kumar and Nadarajan 1994). In this
respect, crossing between lines of clusters VI and VII, and
Il and VII might be productive for fixing transgressive
segregants. Apart from high divergence, the performance
of genotypes for characters such as yield, earliness,
effective tillers, downy mildew resistance and combining
ability should be given due consideration for final
selection of parents. Keeping this in view, the genotypes,
ICMA 91444, 1049A, 1161A, ICMA 841, ICMA 91777
among CMS lines and D 23, ICMP 451, PPMI1493 and B
110 among restorers were identified as promising parents
for breeding pearl millet hybrids.

These observations clearly indicate that, in general,
crossing genetically diverse parents could give highly
heterotic hybrids. In rice also, it has been observed that at
present, the highest yielding hybrids involve crosses
between the two cultivated subspecies of rice (indica and

japonica) (Xiao et al. 1995). It is thus suggested that
parents from diverse genetic groups should be selected
for breeding hybrid cultivars in pearl millet.
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Introduction

The poor sink capacity of traditional pearl millet
[Pennisetum glaucum (L.) R. Br.] cultivars with 15-20%
harvest index is a basic problem of the species in itself,
causing this crop to produce low grain yields. For
development of high-yielding varieties and hybrids, sink
capacity is the most important grain yield component. In
pearl millet, therefore, study of different panicle characters
need not be emphasized. Plant breeders are faced with the
task of identifying parents that, when crossed, will express
maximum heterosis.

A population cross diallel among a set of divergent
populations should help to establish useful heterotic
patterns. Heterosis effects and combining ability serve as
a guide for choice of parents for intra- and inter-population
improvement programs. Bainiwal and Yadav (1996) used
the population cross diallel method to examine heterotic
patterns ofa set of pearl millet populations. In this experiment
our objectives were

* to identify pearl millet base populations for intra- and
inter-population improvement programs;

« to study the heterotic patterns among the populations
and their crosses; and

« to partition heterosis into average heterosis, population
heterosis and specific heterosis for various panicle
traits.

Materials and Methods

Ten pearl millet populations from diverse origin [namely,
HTP 88, HMP 9002, HMP 9102, ICMV 91450, HP 8601,
RVPT 93(102) = CZ-IC 314, RVPT 93(115) = ICMP
93886, ICMV 95501, ICMV 95778 and ICMV 94774]
were used in this study. These populations were crossed
in all possible combinations, excluding reciprocals,
during the 1995 rainy season. The 10 populations and
their 45 population crosses were grown in a randomized
block design with 6 replications during the 1996 rainy
season. The experiment was conducted at CCS Haryana
Agricultural University, Hisar, Haryana, India. Each
population and cross was grown in plots of two rows of
4-m length. Plant-to-plant and row-to-row distances were
maintained at 15 and 45 cm, respectively. All recommended
cultural practices were followed before and after sowing.
Observations were recorded on panicle length, panicle
girth and panicle weight.

Analysis |l of Gardner and Eberhart (1966) was used
to estimate the genetic effects for which Singh (1978) has
provided details of necessary calculations. Variety effect
(vi) is the difference between the mean performance per
se of each parent and the mean of all parents. Heterosis
effect (h ) arises as a consequence of differences in gene
frequencies in two populations and dominance of more
favorable alleles. Further, the h;; effect is partitioned into
three components (h, h; and s.). Average heterosis (h)
contributed by a particular set of parents used in a set of
diallel crosses is the difference between the mean of all
crosses and the mean of all parents. Population heterosis

(hi) is the contribution to heterosis by population 'i' in its
crosses, measured as a deviation from average heterosis.
Specific heterosis (s;) effect measures the deviation
between the observed performance of the specific cross

and its expected performance based on vj, h and h; effects.

Table 1. Mean squares from the analysis of variance of a population cross diallel analysis Il of Gardner and Eberhart (1966) for
different panicle characters of pearl millet, based on a 10-parent diallel evaluated at Hisar, Haryana, India, during the 1996

rainy season.

Panicle length Panicle girth Panicle weight

Source d.f. (cm) (kg)
Among diallel entries 54 4.7882** 0.4021** 0.0139**
Population (v;) effect 9 17.8567** 1.6101** 0.0278**
Heterosis (hij) 45 2.1745** 0.1605** 0.0111**
Average heterosis (h) 1 0.9822 0.4215** 0.0100
Population heterosis (h;) 9 1.2352** 0.1428** 0.0067**
Specific heterosis (sj) 35 2.4501** 0.1576* 0.0123**
Error 270 0.3824 0.0810 0.0033

** Significant at P = 0.01.

68 ISMN 42, 2001



Results and Discussion

Singh and Paroda (1984) compared different methods of
diallei analyis and suggested that the variety cross diallel
of Gardner and Eberhart (1966) provides the maximum
information on heterosis. Singh and Singh (1984) also
concluuded that analysis Il of Gardner and Eberhart provided
information on heterosis. Thus, analysis Il of Gardner and
Eberhart (1966) is believed to be the best for the material
studied. Both v; and hj variances were significant for all
observed traits, indicating the importance of non-additive
gene effects in their expression. The sums of squares due
to population heterosis (h;) and specific heterosis (s;) were
significant for all three panicle characters (Table 1).

Among the partitioned components of heterosis, specific
heterosis was found to play a major role in all three panicle
characters.Populations ICMV 95501 and RVPT 93(102)
had positive and significant population (v;) effects (Table 2)
for all three observed panicle traits except in case of
RVPT 93(102) for panicle length. These populations had
the highest panicle weights and were also involved in
crosses giving high mean and specific heterosis effects.
Crosses HMP 9102 x RVPT 93(115) and HP 8601 x
ICMV 95778 were observed as best on the basis of sj
effects and performance per se for panicle length (Table 3).
These crosses were also found best for panicle weight,
and HMP 9102 x RVPT 93(115) was best for panicle
girth. Considering the above results, two populations.

Table 2. Estimates of population (v;) and population heterosis (h;) effect from analysis Il of Gardner and Eberhart (1966) for
different panicle characters estimated for a diallel cross of 10 parl millet populations evaluated at Hisar, Haryana, India, during

the 1996 rainy season.

Panicle length Panicle girth Panicle weight
(cm) (cm) (kg)

Population Vi hi Vi h Vi h;

HTP 88 -2.88* 0.86 0.22 -0.47 -0.10* -0.34
HMP 9002 -1.43* 0.09 0.12 -0.07 -0.01 -0.40
HMP 9102 0.24 -1.03 0.18 0.08 0.03 -0.471
ICMV 91450 -0.86 -0.22 0.27 -0.19 -0.03 -0.38
HP 8601 -1.24* 0.87 0.14 0.22 -0.05* -0.36
RVPT 93(102) 0.38 -0.14 0.82* -0.12 0.07* -0.35
RVPT 93(115) -2.44~ 1.15 -2.00* 0.18 -0.03 -0.50
ICMV 95501 1.74* 0.41 0.67* 0.08 0.10* -0.43
ICMV 95778 5.43* -0.45 -0.84* 0.33 0.01 -0.40
ICMV 94774 1.06 -0.03 0.42 -0.04 0.01 -0.46

*Greater than 2 x SE.

Table 3. Best crosses on the basis of performance per se and specific heterosis (s;;) for different panicle characters in a diallel cross
of 10 pearl millet populations evaluated at Hisar, Haryana, India, during the 1996 rainy season.

Characters Performance per se

Specific heterosis

Panicle length (cm)

Panicle girth (cm)

Panicle weight (kg)

HP 8601 x ICMV 95778
RVPT 93(102) x ICMV 95778
ICMV 95501 x ICMV 95778
HMP 9102 x RVPT 93(115)

RVPT 93(102) x ICMV 95501
HMP 9002 x HP 8601

ICMV 95501 x ICMV 94774
HMP 9102 x RVPT 93(115)

HMP 9002 x RVPT 93(102)
RVPT 93(102) x ICMV 95501
HP 8601 x ICMV 95778
HMP 9102 x RVPT 93(115)

HMP 9102 x RVPT 93(115)
HTP 88 x HMP 9102

RVPT 93(102) x ICMV 95778
HP 8601 x ICMV 95778

HMP 9102 x RVPT 93(115)
HMP 9002 x RVPT 93( 102)
ICMV 91450 x ICMV 95501

HMP 9002 x RVPT 93(102)
HP 8601 x ICMV 95778

ICMV 91450 x ICMV 95501
HMP 9102 x RVPT 93(115)
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ICMV 95501 and RVPT 93(102), represent good choices
with which to initiate intra-population improvement
programs and three crosses, HMP 9002 x RVPT 93(102),
HP 8601 x ICMV 95778 and HMP 9102 x RVPT 93(115),
represent good choices with which to initiate inter-population
improvement programs.

Conclusions

Heterotic patterns on three components of sink capacity
for grain yield (panicle length, panicle girth, and panicle
weight) were studied in a diallel cross of 10 diverse pearl
millet populations. Population (v;) effects and heterosis
(hij) effects were significant for all the three traits. In the
case of panicle weight, heterosis (h;) effects were more
important than the population (v;) effects. Among the
heterosis (h;;) components, specific heterosis (s;) showed
more role than average heterosis (h) and population
heterosis (h;) for all three observed traits. Populations
ICMV 95501 and RVPT 93(102) had high mean and v;
effects, and therefore can be chosen for intra-population
improvement of panicle weight. Crosses HMP 9002 x
RVPT 93(102), HP 8601 x ICMV 95778 and HMP 9102 x
RVPT 93(115) will be better for inter-population
improvement programs because these crosses have high
mean and high specific heterosis effects.
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Introduction

Poor plant establishment in pearl millet [Pennisetum
glaucum (L.) R. Br.] resulting in a reduction in grain yield
has been frequently observed following high soil temperature
and moisture stress conditions during seedling growth
(Soman and Peacock 1985). Breeding varieties with seedling
heat tolerance is the most effective way to overcome the
problem of poor crop establishment under such conditions.
Information about combining ability and heterotic pattern
for seedling heat tolerance would be helpful in the
development of a successful breeding program to evolve
such varieties.

Materials and Methods

Experimental material consisted of eight inbred parental
lines (HMS IB, HMS 3B, RIB 335/74, D23, 20-K86,
FTR 250-2-1, FTR 285 and FTR 336) with diverse origins.
Crosses were made in a diallel fashion excluding reciprocals,
and the resultant 28 hybrids, 8 inbred parents (selfed), and
a control (heat-tolerant hybrid HHB 67) were sown in a
randomized block design with three replications during
the hot, dry summer season (third week of May 1994) at
the Agricultural Research Station, Fatehpur-Shekhawati,
Rajasthan, India. Each plot was one row, 2.5 m long, with
30 cm between rows. On the night before sowing, 15 mm
of water was applied uniformly on all plots from two parallel
sprinkler lines placed 12 m apart. Rows were opened to a
depth of 50 mm on the day of sowing using the sharp edge
of a metal rake; 80 seeds were immediately sown by hand
and the soil replaced and compacted lightly with the flat
edge of the rake to ensure good seed-soil contact. The field
technique described by Peacock et al. (1993) for screening
pearl millet genotypes for seedling heat tolerance was
then followed.

Seedling heat tolerance index was calculated as the
ratio of the number of seedlings surviving on the 17" day
after sowing to the total number of seedlings emerged.
The diallel data were arcsine transformed and analyzed
following model 1 and method 2 of Griffing (1956). Heterosis
was estimated as the percentage increase or decrease over
the mid-parent (relative heterosis), superior parent
(heterobeltiosis), and control entry HHB 67 (standard
heterosis).



Table 1. GCA effects (diagonal) and SCA effects (above diagonal) for seedling heat tolerance index in pearl millet.

Parent HMS HMS 3B RIB 335/74 D 23 20-K86 FTR 250-2-1 FTR 285 FTR 336
HMS 1B -3.8 0.4 -0.6 -5.9 7.8%* -5.4* 0.1 -0.9
HMS 3B 0.1 -7.4** 10.2** 13.3** -2.0 5.4 0.6
RIB 335/74 0.2 4.7 9.2%* 6.6 -3.8 7.8™
D 23 3.3** 0.1 -3.1 2.9 3.5
20-K86 15 3.6 -3.7 -13.0**
FTR 250-2-1 2.6* -2.8 9.7**
FTR 285 -1.9 -2.1
FTR 336 -2.0*

* = significant at 5% level; ** = significant at 1% level.

Table 2. Means and heterosis (%) for seedling heat tolerance index in pearl millet

Cross Mean Relative heterosis Heterobeltiosis Standard heterosis
HMS 1B X HMS 3B 22.4 24.0 9.2 -9.2*
HMS 1B x RIB 335/74 21.6 125 54 -12.0**
HMS 1B X D 23 19.3 -17.0 -25.9 -21.5%*
HMS 1B x 20-K86 31.2 53.7** 52.6** 26.9**
HMS 1B x FTR 250-2-1 191 -20.6 -31.0 -22.3*
HMS 1B x FTR 285 20.2 -9.1 -15.7 -17.9%*
HMS 1B x FTR 336 19.0 -3.6 -7.2 -22.7**
HMS 3B x RIB 335/74 18.6 11.2 3.9 -24.4**
HMS 3B x D 23 39.2 88.3** 50.3** 59.3**
HMS 3B x 20-K86 40.5 126.7** 100.7** 64.7**
HMS 3B x FTR 250-2-1 26.3 21.7 -4.9 7.0
HMS 3B x FTR 285 29.3 48.1* 22.2 18.9*
HMS 3B x FTR 336 24.3 40.7 28.1 -1.3
RIB 335/74 x D 23 33.9 54.2** 30.0 37.8**
RIB 335/74 x 20-K86 36.7 92.5** 81.6** 49.0**
RIB 335/74 x FTR 250-2-1 35.2 54.2** 26.9 42.9**
RIB 335/74 x FTR 285 20.3 -3.2 -15.4 -17.7**
RIB 335/74 x FTR 336 31.7 72.1** 67.4** 28.9**
D 23 x 20-K86 30.6 32.1* 171 24 .1**
D 23 x FTR 250-2-1 28.5 5.9 2.8 15.8**
D 23 x FTR 285 30.0 19.9 15.0 21.9**
D 23 x FTR 336 30.5 35.4* 16.9 23.9**
20-K86 X FTR 250-2-1 334 39.5* 20.5 35.7**
20-K86 x FTR 285 21.7 -1.7 -9.4 -11.8**
20-K86 x FTR 336 12.2 -37.6* 39.5 -50.4**
FTR 250-2-1 x FTR 285 23.6 -8.6 -14.8 -4.0
FTR 250-2-1 x FTR 336 36.0 54.3** 29.9 46.3**
FTR 285 x FTR 336 19.7 -8.4 -18.0 -20.2**
CD (0.05) 8.4

* = significant at 5% level; ** = significant at 1% level.
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Results and Discussion

During the experimental period, the maximum daily sol
temperature range (at 5 mm soil depth) was 45.0°C to
62.4°C and maximum daily air temperature range was 37.0°C
to 45.5°C. Combining ability analysis revealed that general
combining ability (GCA) variance and specific combining
ability (SCA) variance were significant, indicating the
importance of both additive and non-additive gene action
in the inheritance of seedling heat tolerance index. However,
narrow-sense heritability was low (0.25). Therefore
improvement of this trait might be possible by reciprocal
recurrent selection.

Among the parents evaluated, D23 and FTR 250-2-1
showed significant positive GCA effects (Table 1).
Further, significant SCA effects for seedling heat
tolerance index were found for crosses involving at least
one poor general combiner. This indicated that SCA
effects in this study might be due to dominance or
epistatic gene effects for this trait. Means and heterosis
(%) figures are presented in Table 1. Crosses HMS 3B x D
23 and HMS 3B x 20-K86 were found to have the highest
values of seedling survival percentage. These crosses also
exhibited high SCA effects (Table 1) along with high
estimates of heterosis (Table 2). On the basis of this study,
these crosses warrant further investigation including yield
trials to test their superiority.

Acknowledgments. Thanks are due to Professor GD Singh,
ADR Fatehpur, for providing facilities to conduct this
experiment. Gratitude is also expressed to Dr FR Bidinger
and MR Jayachandran of ICRISAT for guidance and
necessary assistance.
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Introduction

Progeny of diverse origin are known to give high heterotic
response and release a broad spectrum of genetic variability
for selection of transgressive segregates in advance
generations. Mahalanobis D? statistic has been found a
powerful tool to quantify the degree of divergence. Very
limited efforts (Nadofet al. 1986; Kwak et al. 1987) have
been made to quantify the degree of divergence among
host genotypes based on characters related to blast
resistance in rice (Oryza sativa L.). However, the practical
utility of this technique to quantify the degree of divergence
in finger millet [Eleusine coracana (L.) Gaertn] based on
anatomical characters related to blast resistance has not
been tested. The present study was therefore undertaken
to acertain the nature and magnitude of genetic diversity
among 40 genotypes of finger millet based on anatomical
traits.

Materials and Methods

During 1993/94 and 1994/95, a field experiment consisting
of 40 diverse finger millet genotypes was conducted in
randomized block designs with three replications at Regional
Agricultural Research Station, Rewa, Madhya Pradesh
(MP), in plots of 6.75 m? with row-to-row spacing of 22.5
cm and plant-to-plant spacing of 10.0 cm. Recommended
agronomic practices were followed for optimum plant
growth. Observations on anatomical parameters, namely
leaf epidermal and cuticular thickness, neck epidermal
thickness, and number of neck chlorenchymatous strands,
were recorded by standard procedures. Leaf blast, neck
blast and finger blast incidence (%) was recorded. To estimate
genetic divergence among the genotypes, Mahalanobis D?
statistic was calculated using computer software SPAR |.
The genotypes were grouped into clusters by following
Tocher's method.



Results and Discussion

Forty genotypes of finger millet were grouped in six and
five clusters based on anatomical characters in the two
years of this study (Table 1). In the pooled analysis, only
fourclusters were formed. GPU 28 appeared quite divergent
from other genotypes in this study. Most genotypes
resistant to blast, namely IE 1012, GE 3022, GE 3024,
GE 3058 and GE 3060, were grouped in a separate cluster
(111) along with a few other genotypes, in both years and
thus exhibited real genetic diversity from the other genotypes
based on anatomical characters. Otherwise the clustering
patterns observed in the two years were not consistent and
constituents of clusters varied year to year. This may be
due to differential gene expression in the two years.

In general, clustering of the genotypes was not related
to geographic diversity. The genotypes belonging to
different regions of the country were grouped in the same
clusters, while genotypes developed in the same center
were grouped in different clusters. The frequent exchange

of segregating material, genetic drift and selection in different
environments could cause greater genetic diversity between
genotypes developed at the same center than between
genotypes developed in different regions of the country.
Several exotic genotypes, namely GE 1370, GE 3022,
GE 3024, GE 3058 and GE 3060, were found resistant
against blast and based on their observed anatomical traits
exhibited real genetic diversity from the Indian gene pool.
Hence, they likely can be used effectively for resistance
breeding against blast in finger millet in India. Clusters |
and |Il were most divergent followed by clusters | and 1V;
where as clusters IV and V were least divergent followed
by clusters Il and Ill (Table 2). The genotypes of cluster
Il exhibited least mean incidence of leaf blast (3.97%),
neck blast (0.13%) and finger blast (0.55%). Thus the
genotypes grouped in cluster |1l possess resistance against
blast. These genotypes also possess comparatively higher
estimates of leaf epidermal thickness, leaf cuticular
thickness, neck epidermal thickness, and lower numbers
of chlorenchymatous strands in the neck region (Table 3).

Table 1. Number and composition of clusters based on D? values computed on the basis of anatomical characters observed in 40
finger millet genotypes at Rewa, Madhya Pradesh, India during the rainy seasons of 1993/94 and 1994/95.

1993/94 1994/95 Pooled
Cluster No. Genotypes No. Genotypes No. Genotypes
I 19 VMEC 35, KM 200, KM 201. 20 VMEC 35, KM 200, KM 201, 20 VMEC 35, KM 200,
KM 202, KM 206, KM 208, KM 202, KM 206, KM 208, KM 201, KM 202,
VR 520,VR586,K7,L15-1, VR 520,VR 586. VL 172, VL 226, KM 206, KM 208,
DPI 1534, PPR 2148, PPR 2679, PR 202, L 15-1, DPI 1534, VR 520, VR 586. K 7,
RAU 12, TNAU 390, HR 374, PPR 2148, PPR 2679, RAU 12, VL 172, VL 226,
PES 110, PES 400, REC 69 TNAU 390, HR 374, PES 110, DPI 1534, PPR 2148,
PES 400 PPR 2679, RAU 12.
TNAU 390, HR 374.
PES 110, PES 400,
REC 69
Il 7 VL 146,VL 171,VL 172,MR 6, 10 GE 1370, SRS 2, VL 174, VL 228, 12 GE 1370, SRS 2,
MR 7, GPU 28, GPU 32 VL 231,MR7,GPU32,I8IE, VL 146,VL 171,
REC 13, REC 69 VL 174,VL 228,
VL 231. MR 7,
PR 202,18IE,
REC 13, GPU 32
I 7 GE 3022, GE 3024, GE 1370, 8 GE 3022, GE 3024, GE 3058, 6 GE 3022, GE 3024,
GE 3058, GE 3060, IE 1012,18IE GE 3060, VL 146. VL 171, GE 3058, GE 3060,
MR 6, IE 1012 MR 6. IE 1012
(\Y 4 SRS 2, VL 226, VL 231, PR 202 1 GPU 28 2 GPU 28, L 15-1
\Y 2 VL 174.VL 228 1 K7 - -
VI 1 REC 13 - - - -
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Table 2. Inter- and infra-cluster distances based on anatomical characters in 40 finger millet genotypes at Rewa, Madhya
Pradesh, India during the rainy seasons of 1993/94 and 1994/95.

Cluster Year' | I 111 v \ \A

[ Y, 39.502 212.42 337.55 97.16 187.41 82.85
Y, 46.16 157.46 354.38 108.51 164.35 -
P 32.04 149.18 303.15 98.22 . .

I Y, 37.41 56.95 88.63 111.79 95.48
Y, 54.78 88.74 159.48 487.28
P 42.88 64.89 83.73 . .

1l Y; 21.30 135.63 100.46 156.12
Y, 15.77 318.15 837.20 -
P 10.48 166.91 . B

v Y, 47.89 65.15 53.14
Y, 0.00 224.11 -
P 34.90 . B

v v 50.90 79.84
Y, 0.00 .
P ) .

Vi v 0.00
Y, -
P .

1. Yy = 1993/94; Y, = 1994/95; P - pooled across years.
2. Bold figures denote the intra-cluster distance.

Table 3. Cluster means for blast incidence and anatomical traits observed in 40 finger millet genotypes at Rewa, Madhya Pradesh,
India, during the rainy seasons of 1993/94 and 1994/95.

Leaf blast Neck blast Neck blast Leaf epidermal Leaf cuticular Neck epidermal Number of
incidence incidence incidence thickness thickness thickness chlorenchymatous
Cluster Year' (%) (%) (%) (um) (um) (um) strands
Y 17.16 38.97 21.54 19.41 8.31 19.07 20.00
| Y, 22.51 38.88 23.28 19.92 8.57 19.61 19.75
P 18.08 39.83 23.14 19.61 8 44 19.27 20.10
1 Y 6.13 8.34 7.06 22.84 10.37 27.98 12.00
Y, 10.24 14.00 6.01 21.24 9.49 24.34 14.13
P 9.29 9.37 4.65 21.74 9.72 24.53 13.14
Il Y4 4.13 0.00 0.38 23.67 10.72 28.23 10.57
Y2 5.56 1.12 0.35 23.37 10.57 27.13 10.50
P 3.97 0.13 0.55 24.00 10.85 28.23 10.25
AY Y 7.57 13.07 7.67 21.32 4.45 20.90 15.50
Y, 43.00 56.00 22.80 22.10 9.70 26.50 14.00
P 33.55 21.50 14.90 20.37 8.97 25.67 13.25
\Y \Z 4.45 2.70 1.60 19.45 8.50 20.90 13.50
Y2 35.00 64.10 62.30 18.50 8.10 18.20 21.00
P - - - - - - -
Vi \Z 25.90 8.90 660 18.90 8.10 22.30 13.00
Y2 - - - - - - -
1. Y1 = 1993/94; Y, = 1994/95; P = pooled across years.

74 ISMN 42, 2001



These results clearly indicate that epidermal thickness of
the leaves and neck contributes to blast resistance in
finger millet.

It can thus be concluded that finger genotypes GE 3022,
GE 3024, GE 3058, GE 3060 and IE 1012 have real genetic
diversity from the Indian gene pool with resistance to
blast. The resistance in these genotypes is governed, at
least in part, by anatomical characters like thick epidermis
and cuticle in leaf and neck region of the plant. Hence,
these genotypes could be utilized in finger millet breeding
programs aimed at development of high yielding lines
with blast resistance.

References

Kwak TS, Kim VS and Machili DJ. 1987. Interpretation of
international rice blast nursery data for consecutive two year
periods by cluster analysis. Research Reports of the Rural
Development Administration, Crops, Korea Republic 29:107-110.

Nadof SK, Singh IS and Singh BN. 1986. Genetic divergence
and multiple disease resistance studies in rice (Oryza sativa L).
International Rice Research Newsletter 11:16.

Germplasm

Meera (SR 16) - A Dual-purpose
Variety of Foxtail Millet

SR Maloo*, DP Saini and RV Paliwal (Department of
Plant Breeding and Genetics, Maharana Pratap University
of Agriculture and Technology. Udaipur 313 001, Rajasthan,
India)

*Corresponding author

Foxtail millet [Setaria italica (L.) Beauv.] is well recognized
as a short duration, rainy season crop cultivated in Udaipur,
Sirohi, Dungarpur, Banswara, and Chittorgarh districts
and nearby areas of Rajasthan, India. It is mainly consumed
by tribals/marginal farmers in various forms and marketed
as bird feed. The straw is preferred by cattle. More man
95% offoxtail millet grown in this region is local landraces
and their yield levels are extremely low. With the objective
of developing foxtail millet varieties with higher grain and
straw yield, an effective breeding program was initiated in
1990 at the Rajasthan College of Agriculture, Udaipur,
Rajasthan, India.

SR 16 was developed by pure-line selection from local
germplasm from Udaipur district. It has been extensively
tested in the All India Coordinated Small Millet Improvement
Project (AICSMIP), and also in station trials in Rajasthan
during 1991-98. Yield trials conducted in Rajasthan over
seven years/eight seasons at different locations have
shown consistent superiority of SR 16 by more than 50%
in comparison to standard national control entry SIA 326.
SR 16 yielded 1.75 t ha™ against SIA 326 (1.14 t ha™).
Similarly, SR 16 produced 4.73 t ha™' dry fodder while
SIA 326 gave 3.40 t ha' dry fodder, reflecting a
superiority of 40% (Table 1). However, SR 16 showed
marginal superiority (6%) for grain yield to SR 11 (Gavari),
the state control entry, while giving the same dry fodder
yield. Besides having high grain and dry fodder yield
potential, foliage of SR 16 remains almost green at
physiological demonstrating
character/delayed senescence" and thereby SR 16 provides
more green fodder. SR 16 yielded 19% more green fodder
than the best control entry, SR 11. Performance of SR 16
at national level over three years (1993-95) in the All
India Coordinated Foxtail Millet Trials (FAVT, AICSMIP)
was again convincing and it produced 1.49 t ha™' grain

maturity, "stay-green

yield against national control entry SIA 326, which
yielded 1.34 t ha™ (ie, SR 16 provided 11% higher grain
yield and more than 18% higher straw yield). It also
expressed high tolerance against downy mildew. Various
characters of SR 16 are presented in Table 1.
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Table 1. Characters of foxtail millet variety Meera (SR 16).

Control entries

Character Meera (SR 16) Gavari(SR 11)* SIA 326** Arjuna
Plant height (cm) 105 125 95 100
Time to flower (d) 41 42 43 45
Time to maturity (d) 76 78 78 84
Productive tillers per plant 3.5 3.7 2.7 2.9
Main panicle length (cm) 16.5 18.0 13.0 15.0
Awn length (cm) 2.0 0.5 0.2 0.5
Grain yield of main panicle (g) 4.00 4.38 3.13 3.36
1000-grain mass (g) 3.17 3.08 2.41 3.03
Grain yield (t ha™) 1.75 1.65 1.14 1.28
Dry fodder yield (t ha™) 4.7 4.7 34 4.2
Grain protein content (%) 11.9 11.8 10.0 10.9
Grain fat content (%) 5.8 5.0 4.3 4.2
Grain moisture content (%) 8.6 8.6 8.6 8.9
Fe content (mg per 100 grains) 10.8 10.1 6.2 7.7
Water soluble seed protein (%) 6.0 4.9 4.8

Ca content (mg per 100 grains) 304.6 280.6 248.5 ) 224.4

*

state control cultivar; ** national control cultivar.

Table 2. Biochemical composition of foxtail millet variety Meera (SR 16) for fodder quality parameters in comparison to control

entries.

Control entries

Fodder quality parameter Meera (SR 16) Gavari (SR 11)* SIA 326** Arjuna
Dry matter (%) 70.93 65.79 66.66 66.19
Crude protein content (%) 4.68 3.20 2.83 3.56
Ether extract (%) 1.05 0.99 1.04 1.01
Crude fiber (%) 37.12 37.49 37.27 36.97
Ash (%) 6.40 4.43 5.71 6.90

* state control cultivar; ** national control cultivar.

SR 16 is a medium tall variety with erect and compact
panicles. The most characteristic morphological feature is
that its compact panicle is pigmented with purple violet
color. Panicles bear long, stiff, violet awns (2 + 0.5 cm),
hence losses due to birds don't take place. Each plant
bears 3-4 tillers. The crop matures in 75 to 80 days. The
variety is tolerant of various foliar diseases and insect
pests, and responds well to applications of nitrogenous
fertilizer up to 60 kg ha™'. The grain of SR 16 has better
nutritional quality than control cultivars with respect to its
contents of protein, fat and other inorganic elements
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(Table 1). Fodder of SR 16 is nutritionally superior to that
of the controls and has the highest crude protein content
(4.68%; Table 2), perhaps due to the delayed senescence
of this genotype. Because of its superiority to the control
cultivars, SR 16 was released and notified as Meera in
2000 by the Central Sub-Committee on Crop Standard
Notification and Release of Varieties for Agriculture
Crops, Government of India, Ministry of Agriculture,
New Delhi.



First Forage Pearl Millet Hybrid

Released in India

SK Gupta (Proagro Seed Co. Ltd., 8-1-39, Tolichowki,
Hyderabad 500 008, Andhra Pradesh, India)

Release of the first forage pearl millet hybrid in India was
made by a notification issued by the Government of India
on December 18, 1997.

The hybrid, released as 'Proagro No. 1', was tested by
the All India Coordinated Project for Research on Forage
Crops as 'FMH-3' for three years, 1994 to 1996. Scientists
of the Proagro Seed Company at Hyderabad, India have
developed it. The release proposal was submitted to the
Central Sub-committee on Crop Standards, Notification
and Release of Varieties for Agriculture Crops and was
considered during the 29" meeting of this committee on
October 24,1997. It has been recommended for cultivation
throughout the pearl millet growing areas of the country
with irrigation during summer season, rainfed/irrigated
during monsoon season and single cut or multi-cut as per
needs. It is highly resistant to downy mildew and escapes
ergot and smut as it is chopped at boot stage.

'Proagro No. 1' attains a plant height of 170-190 cm.
It has non-hairy exposed nodes. All the plant parts viz.,
stems, nodes, leaf sheaths and blades etc. are green in
color. The leaf sheath is non-hairy. The panicles are
cylindrical in shape with small bristles and shriveled
anthers. It is a male-sterile hybrid and does not set grain
of its own. The hybrid has been developed as male sterile
so that the forage remains nutritious till chopped and the
regeneration is good. The hybrid is ready for first
chopping after 50 days of growth and can be chopped at
monthly intervals till September. It gives 6 cuttings if
sown in March and three cutting if sown in June.

In the All India coordinated yield trials, Proagro No. 1
(FMH-3) has given 75.5 t ha"' green forage yield and 15.7
t ha”' dry matter yield under a multi-cut system when
averaged over locations and years. It produced 36.4 t ha ™
green forage and 7.55 t ha™ dry matter under a single-cut
system. Our trials have shown that it has a potential to
produce 130 t ha' of green forage under a multi-cut
system with good management.

The official release of the forage pearl millet hybrid in
India has opened a new era for exploiting the
phenomenon of heterosis for biomass production in this
crop. We hope many new forage hybrids would come up
in future.

Agronomy and Physiology

Growth Analysis and Yield of Pearl
Millet Hybrids and Varieties

under Rainfed Conditions

in Southwestern Haryana

B Singh, YP Yadav*, J Singh, A Kumar and SS Yadav
(CCS Haryana Agricultural University,

Research Station, Bawal 123 501, Haryana, India)

Regional

*Corresponding author

Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is the
principal crop of rainfed areas of southwestern Haryana.
The productivity of plants within a community is dependent
on growth parameters; hence, understanding these
parameters is of tremendous importance in order to
realize maximum potential yield. Yield is a direct function
of physiological parameters like leaf area index, leaf area
duration and crop growth rate. Genotypes exhibiting
superiority in these traits can be incorporated in crop
improvement programs. Hence, mere is need to identify
such genotypes that are photosynthetically more efficient.
Since no such information is available with respect to
newly released/identified hybrids/varieties of pearl millet,
the present study was undertaken.

Materials and Methods

The experiment was conducted during the 1997 rainy
season at CCS HAU, Regional Research Station, Bawal
(Rewari). The experiment was laid out in a randomized
design with three replications. Treatments were
comprised of six released/identified hybrids (HHB 67,
HHB 68. PNBH 15, PNBH 17, PNBH 18, and ICMH 356)
and three open-pollinated varieties (APS 1, LCB 10, and
ICTP 8203). Sowing was done in the first week of July on
ridges spaced at 45 cm. Plant-to-plant spacing within
rows was maintained at 15 cm by thinning 21 days after
sowing. The crop was fertilized with 16 kg N and 8 kg
P,05 ha™'. The soil was a loamy sand, low in organic
carbon (0.18%), and alkaline in reaction (pH 8.2). Total
rainfall received during the crop growth period was 1039
mm. Five randomly selected plants from each genotype
were used for periodic recording of leaf area index (LAI)
and dry matter production. Leaf area duration (LAD) and
crop growth rate (CGR) were calculated per formulae

suggested by Evans (1972).
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Results and Discussion

LAI. Leaf area index of early-flowering hybrids HHB 67
and HHB 68 increased up to 40 days after sowing (DAS),
whereas in the remaining later-flowering hybrids and
varieties tested it increased up to 50 DAS. In all 10
genotypes, LAl then declined sharply as the crop
approached maturity. In general, hybrids produced higher
LAl than varieties at all stages except 50 DAS. At this
stage varieties LCB 10, APS 1 and hybrid PNBH 17
recorded higher LAI values than other genotypes.
Hybrids PNBH 15 and PNBH 17 maintained higher
values of LAl during the entire growing season.
Genotypic differences in LAl have been also reported by
Maiti and Bidinger (1981) and Huda et al. (1984).

LAD. Leaf area duration increased up to 50 DAS in
hybrids HHB 67 and HHB 68. In other hybrids and
varieties tested it continued to increase appreciably up to
maturity. Up to 40 DAS, LAD was higher in hybrids than
varieties. However, by maturity open-pollinated varieties
LCB 10 and APS 1 produced markedly higher LAD
values than any other genotypes tested. Among hybrids,
higher LAD values were produced throughout the
growing season by PNBH 15 and PNBH 17.

Table 1. Grain and straw yield of pearl millet hybrids and
open-pollinated varieties, Bawal, Haryana, India, 1997 rainy
season.

Grain yield Straw yield

Genotypes (t ha™) (t ha™)
Hybrids

HHB 67 19 7.4
HHB 68 2.3 7.5
PNBH 15 2.8 8.3
PNBH 17 2.6 7.7
PNBH 18 25 7.3
ICMH 356 22 7.5
Open-pollinated varieties
APS 1 17 8.3
LCB 10 12 10.2
ICTP 8203 1.6 7.7
SEm +0.8 $3.3
CD (P= 0.05) 2.3 9.7
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CGR. At the start of the growing season crop growth rate
was low for all genotypes, reaching values of2 to 3 g m2
d”' by 20 DAS. CGR then increased considerably up to 40
DAS, reaching values of 33 to 43 g m? d', and declined
thereafter till maturity. This decline can be attributed to a
sharp decrease in dry matter accumulation during the
reproductive phase of crop growth (Coaldrake and
Pearson 1985). Among genotypes tested, hybrids PNBH
15 and HHB 67 maintained higher CGR values up to 40
DAS but from 50 DAS to maturity open-pollinated
variety LCB 10 recorded the highest CGR values.

Yield. In general, all tested hybrids produced significantly
higher grain yields than the tested open-pollinated
varieties (Table 1). Among hybrids tested, PNBH 15
produced significantly higher grain yield. This might be a
consequence of this hybrid having better LAI, LAD, and
CGR values than other hybrids. However, in the case of
open-pollinated variety LCB 10, higher values of LAl at
50 DAS, and LAD and CGR from 50 DAS to harvest
contributed towards straw yield rather than grain yield.
This may be due to genotypic differences in source-sink
relationships as it is evident that variety LCB 10 produced
significantly higher than straw yields than any other
genotype tested.

Correlations of LAD and yield. The correlations of LAD
with grain, straw and total dry matter yields for both the
hybrids and varieties were determined for me periods 41-50
DAS and 51 DAS to harvest. In the case of the hybrids
tested, grain yield was significantly and positively
correlated (r = 0.874) with LAD from 51 DAS to harvest
whereas at the earlier stage this correlation was non-
significant (r = 0.526). In contrast, among the open-
pollinated varieties tested, grain yield was negatively
correlated with LAD at both crop growth stages; however,
this relationship was significant only at 41-50 DAS (r =
0.989). Correlation of LAD with straw yield was positive
but non-significant at both crop growth stages in the case
of both hybrids (r = 0.562 and 0.453) as well as open-
pollinated varieties (r = 0.844 and 0.919). Total dry matter
yield was significantly and positively correlated with
LAD only at the pre-harvest growth stage (r = 0.955) and
only in the case of open-pollinated varieties, but was not
significantly correlated at either growth stage for hybrids
(r=0.706).
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Pathology

Reaction of Pearl Millet Varieties
during Rust Epidemics in Haryana,
India

MS Panwar' and JP Wilson? (1. Department of Plant
Pathology, Chaudhary Charan Singh (CCS), Haryana
Agricultural University, Hisar 125 004. Haryana, India;
2. United States Department of Agriculture-Agricultural
Research Service, Crop Genetics and Breeding Research
Unit, University of Georgia, Coastal Plain Experiment
Station, Tifton, GA 31793-0748, USA)

Introduction

Rust (caused by Puccinia substriata Ellis & Barth. var.
indica Ramachar & Cummins = P. penniseti Zimm.) appears
late in the season in Haryana, India, so pearl millet
(Pennisetum glaucum (L.) R. Br.) grain yield is not affected.
Fodder production, however, is very important throughout
the region, and the fodder quality of late-sown crops can
be affected by rust. Although rust resistance is not a
primary concern in the selection of varieties, knowledge
of varietal reactions and conditions that promote rust
infection can be important in producing high-quality
fodder. The objectives of this experiment were to evaluate
pearl millet inbreds, hybrids, and populations during late-
season rust epidemics, and to assess environmental
effects on the appearance and incidence of rust.

Materials and Methods

Twenty-eight pearl millet genotypes were evaluated at the
Chaudhary Charan Singh (CCS) Haryana Agricultural
University, Hisar, India in 1997 and 1988. Genotypes
were sown on 27 Jul 1997 and 3 Aug 1998 in 5-m long,
two-row plots (30 cm between rows) with 75-cm spacing
between plots, arranged in a randomized complete-block
design. Twenty days after sowing (DAS) plants were
thinned to 10 cm within-row spacing. Fertilizers were
applied at the rate of 50 kg N and 25 kg P ha™'. Nitrogen
was split-applied: halfat sowing and the balance 30 DAS.
Phosphorus was applied at sowing. Seeds were dressed
with Apron S.D. 35® (6 g kg™' of seed) to reduce early-
season downy mildew infection caused by Sclerospora
graminicola (Sacc.) J. Schrot.
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Table 1. Reactions of pearl millet genotypes evaluated during rust epidemics at Hisar, India, 1997 and 1998.

Final rust
Genotype AUDPC' severity (%) Pedigree
HP 8601 1021 a’ 95.0 a° OPV from CCS HAU
RHB 58 983 ab 93.3 abc 81A1x20-K-86
HB 3 966 ab 89.1 abc Tift23A, xJ 104
Pusa 266 960 ab 87.5 abc OPV from IARI
861A 955 abc 87.5 abc 861A,
HHB 50 954 abc 87.0 abc 81A4 x H 90/4-5
HHB 67 937 abc 87.0 abc 843A, x H 77/833-2
ICMH 356 914 abc 89.2 abc ICMA,88004 x ICMR 356
861B 902 abc 89.2 abc 861B
ICMV 155 899 abc 93.3 abc OPV from ICRISAT
HC 4 893 abc 85.0 abc OPV from CCS HAU
Pusa 23 879 abcd 89.2 abc 841A:x K 560-230-23
ICMV 221 858 abcd 85.0 abc OPV from ICRISAT
HMS 1A 850 abcd 89.2 abc H 90/4-5 in DSA 134A cytoplasm
Pusa 322 820 bcd 80.8 bc 841A, x PPMI 301
HMS 1B 815 bcd 79.2 ¢ H 90/4-5
GHB 15 768 cd 90.3 abc 5054A, x J 108
AHB 251 693 79.2 ¢ 81A4 x AIB 16
ICMH 451 480 e 56.7 d 81A; x ICMP 451
GHB 235 462 e 55.0 de 81A4 x J 2296
X7 446 e 50.0 de Pb 111A; x PT 1890
Eknath 301 303 ef 425 ef Proprietary hybrid
X6 221 fg 34.2 f PT 732A; x PT 3095
ICMA 88001 94 gh 108 g 81A,
ICMB 88001 90 gh 117 g 81B
HHB 117 0 h 00 g HMS 7A; x H 77/29-2-2
LSD (P<0.05) 187 13.3

1. AUPDC: Area under disease progress curve.

2. Means in a column that are followed by the same letter are not significantly different according to Fisher's LSD (P<0.05).

Rust severity of each plot (% leaf area infected) was
assessed using a modified Cobb Scale at weekly intervals.
The area under the disease progress curve (AUDPC) was
calculated as AUDPC= 3[Y(sn) + Yil/2 X [X(i+n) - Xil,
rust severity (%) at time X;, at n = 7 days
Sums of squares in analyses of variance for

where Y. =
intervals.
AUDPC and final rust severity (%) were partitioned into:
year, replication within year, genotype, and vyear x
genotype effects. Means were compared by Fisher's LSD.

Weather data summarized by week for: total rainfall
(mm), days with rain, weekly mean temperatures (minimum
and maximum, °C), and weekly mean relative humidity
(RH, minimum and maximum, %) were collected at the
meteorological laboratory ofthe University. Rust severities
for

the pearl millet genotypes were plotted against

environmental variables from the preceding week to

determine the environmental effects on rust development.
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Results and Discussion

In both 1997 and 1998, rust was not observed in the
experimental plots until the average weekly temperatures
fell below 27°C. An
associated with a decrease in maximum and minimum

increase in rust infection was
temperatures. Average weekly minimum temperatures at
the termination of epidemics (death of susceptible
varieties) were 19.2°C in 1997 and 16.7°C in 1998. These
the
urediniospore germination of P.
(Tapsoba and Wilson 1997). Mean RH reached a low of
62.5% at the termination of the epidemic in 1998; lower
than the RH recorded on several dates when no rust
infection was observed by Muthusamy et al. (1981).
Additional data are required to clarify the effects on

environmental conditions on the progress of epidemics.

are within optimum temperature range for

substriata var. indica



Among sources of variation considered, year was not
significant for AUDPC or final rust severity, but genotype
was highly significant (P<0.01). Mean separations by
Fisher's LSD divided the genotypes into two distinct
groups (Table 1). Most genotypes were susceptible to
rust, but ICMH 451, GHB 235, Eknath 301, X6, ICMA
88001, and ICMB 88001 showed moderate levels of
resistance. Hybrid HHB 117 was free from rust. HHB 117
is a new hybrid yet to be released by the CCS Haryana
Agricultural University. Its resistance to both downy
mildew (MS Panwar unpublished data) and rust will
prove valuable in both grain and fodder production.
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Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is the second
most important cereal (after sorghum, [Sorghum bicolor
(L.) Moench]) in Eritrea, and was grown on 83,000 ha in
2000 (Saini 2001). In 2000, >50% of plants in most pearl
millet surveyed in Anseba and Gash Barka were found to
be infected with downy mildew, caused by the pseudo-
fungus Sclerospora graminicola (Sacc.) J. Schrot. (Bhasker
Raj et al. 2000). This disease causes major yield reductions,
estimated at 30% in Anseba in 2000. Its resting spores

survive in the soil and can reinfect subsequent crops for
up to 15 years once a field is infested. Because pearl
millet is the staple food and fodder crop in Anseba,
extension workers there have described the prevalence of
downy mildew as 'a catastrophe' (Samson Zeray, pers.
comm.).

A further complication is that this pathogen is highly
variable. Several strains probably exist in Eritrea, each
adapted to different pearl millet landraces. The experience
in other countries is that new, virulent races often develop
following the introduction of new varieties. It is therefore
important to monitor the development of new races over
the years.

The main research strategy to help farmers deal with
this devastating disease is to develop resistant varieties,
coupled with regular monitoring to follow the development
of virulent strains. A secondary strategy is to use fungicidal
seed treatment of moderately susceptible pearl millet
varieties. Good progress is being made in breeding pearl
millet for resistance to downy mildew in Eritrea. This is
done by screening for resistance to downy mildew in
naturally-infested 'sick plots' (i.e., using field observations)
and by crossing selected landraces with selected exotic
varieties having reasonable levels of host-plant resistance.
However, the shortage of cereal pathologists and
infrastructure for controlled screening puts limits on what
can be done within the country.

Following the downy mildew survey in 2000, a unique
scientific collaboration between Eritrea, ICRISAT, and
the Centre for Arid Zone Studies (CAZS) at Bangor,
Wales, UK, has produced valuable data on the resistance
of 70 pearl millet genotypes to an Eritrean isolate of the
pathogen. The screening was done in a tropical greenhouse
at the CAZS but provided extremely valuable information
for the Eritrean pearl millet breeding program. The pearl
millet genotypes tested included Eritrean landraces and
promising new varieties from ICRISAT populations for
the Eritrean breeding program.

Materials and Methods

Samples of Eritrean isolates of S. graminicola were sent
to CAZS with the initial objective of using these in
resistance and mapping studies. The universally susceptible
host cultivar 7042(S) was mixed with ground oospore
material (sample F23, from Sosana in Barentu Sub-Zoba)
in the CAZS greenhouse in late December 2000. Successful
downy mildew infection of pearl millet seedlings was
obtained. After 6-8 weeks, these provided enough sporangial
inoculum to allow screening of a large number of host
genotypes against this isolate.
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Table 1. Screening for downy mildew resistance in pearl millet: percentage of infected seedlings in each of five single-pot
replications (A-E), in Bangor, Wales, UK, three weeks after spraying with a sporangial suspension of Eritrean isolate F23 of
Sclerospora graminicola.

Downy mildew incidence (%) Mean

Pearl millet entries A B C D E % Sq. root Arcsine
Introduced populations

ICMP 93508 23.5 16.7 22.9 29.4 26.3 23.76 4.86 29.08
ICMP 95490 2.9 0.0 25.0 5.9 3.2 7.40 2.18 12.83
ICMP 96593 11.6 11.9 14.0 9.8 16.3 12.72 3.55 20.82
ICMP 96601 6.3 4.2 21.7 21.7 47.4 20.26 4.15 25.08
ICMP 97754 19.0 0.0 3.6 12.5 22.7 11.56 2.91 17.19
ICMP 98551 125 31.0 9.4 10.0 16.7 15.92 3.89 22.99
ICMP 98791 114 27.0 32.3 27.8 40.5 27.80 5.18 31.40
ICMR 501 4.8 8.3 4.9 5.1 0.0 4.62 1.91 11.05
PRLDMR TCP1 0.0 0.0 0.0 22.2 22.2 8.88 1.88 11.24
HTBC 5.3 7.1 2.4 8.1 5.1 5.60 2.32 13.45
SRBC 0.0 0.0 0.0 5.6 6.3 2.38 0.98 5.65
AfPop 88 4.8 7.9 7.5 2.6 9.3 6.42 2.48 14.38
AfPop 90 5.3 3.0 3.3 2.8 10.8 5.04 2.16 12.51
SenPop 88 7.7 3.3 4.8 4.7 4.0 5.90 2.38 13.79
ICMV 155 Bristled 10.8 16.2 5.4 26.3 16.2 14.98 3.76 22.19
1CMV 87901 Bristled 26.3 211 1141 23.7 28.9 22.22 4.66 27.86
ICMV 221 17.9 22.5 71 5.0 53 11.56 3.23 19.01
ICMV 155 14.3 17.9 9.7 22.2 114 15.10 3.84 22.65
ICMV 91450 10.3 10.8 0.0 9.5 19.4 10.00 2.80 16.40
Sudan Pop. | CO 11.6 14.3 5.1 71 5.1 8.64 2.87 16.74
Sudan Pop. Il CO 19.4 5.4 14.3 111 15.4 13.12 3.55 20.87
Sudan Pop. Il CO 17.1 6.5 6.9 114 10.3 10.44 3.18 18.58
MCNELC 25 10.0 12.2 7.0 9.3 8.20 2.79 16.21
MCSRC 9.8 17.5 171 16.3 211 16.36 4.02 23.71
ICMP 89410 10.8 28.1 8.6 21.9 37.0 21.28 4.46 26.72
ICMP 98107 2.9 16.2 16.2 28.6 14.3 15.64 3.77 22.36
EERC CO 11.9 23.3 16.7 214 18.6 18.38 4.26 25.25
ICMR 312 15.4 25.0 18.5 6.9 31.0 19.36 4.28 25.53
IAC ISC TCP1 2.4 0.0 12.2 4.8 4.8 4.84 1.88 10.93
IAC ISC TCP3 7.1 29.7 9.5 154 23.1 16.96 3.98 23.65
IAC ISC TCP4 4.9 9.8 9.3 7.0 16.7 9.54 3.03 17.65
IAC ISC TCP6 2.6 2.4 0.0 2.4 25 1.98 1.26 7.24
IPC MBJ TCP CO 14.3 12.5 14.3 11.8 0.0 10.58 2.91 17.05
POLCOL TCP1 7.7 22.9 135 121 16.7 14.58 3.76 22.15
Introduced male-sterile lines

863A 28.0 13.6 16.7 241 111 18.70 4.26 25.31
ICMA 89111 5.7 0.0 5.9 0.0 5.0 3.32 141 8.16
ICMA 91222 0.0 2.9 0.0 25 5.0 2.08 1.10 6.36
ICMA 91777 0.0 2.9 25 5.0 25 2.58 142 8.18
ICMA 92444 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
ICMA 95333 2.4 5.9 0.0 3.1 5.9 3.46 1.63 9.43
ICMA 96222 0.0 2.6 2.7 5.4 8.1 3.76 1.68 9.74
ICMA 97 111 0.0 2.4 2.3 4.9 0.0 1.92 1.06 6.08
ICMA 97333 9.8 4.9 2.6 7.7 0.0 5.00 1.94 11.28
ICMA 98222 0.0 2.4 2.6 2.4 7.5 2.98 1.49 8.60

Continued
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Table 1.(continued)

Downy mildew incidence (%) Mean
Pearl millet entries A B C D E % Sq. root Arcsine
ICMA 98333 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
ICMA 99111 0.0 6.5 0.0 0.0 3.6 2.02 0.89 5.14
ICMA 99222 10.5 18.4 16.7 18.2 16.2 16.00 3.98 23.48
ICMA 00888 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Eritrean cultivars
Bultug Keren 75.6 79.1 50.0 79.1 84.2 73.60 8.54 59.52
Bultug Mebred 44.2 47.6 46.3 51.2 57.9 49.44 7.02 44.68
Bultug Mogolo 59.0 59.0 65.9 82.5 80.0 69.28 8.30 56.67
Tosho 42.9 47.5 37.2 47.4 66.7 48.34 6.92 44.07
Zibedi 39.5 53.7 45.0 37.2 27.9 40.66 6.34 39.53
Gudmay 58.1 69.2 58.5 83.7 60.0 65.90 8.10 54.56
ICMV 221 10.0 9.5 9.8 12.8 14.3 11.28 3.35 19.56
Tokroray 67.5 79.1 59.0 47.4 714 64.88 8.02 53.88
Mapping population parents
IP 18293 5.6 4.0 0.0 20.0 25.0 10.92 2.77 16.36
Tift 238Dl 100.0 95.2 100.0 79.2 64.7 87.82 9.34 74.75
841B-P3 125 16.0 8.0 15.6 22.7 14.96 3.82 22.48
863B-P2 15.2 18.4 27.5 28.2 48.6 27.58 5.14 31.25
H 77/833-2 56.1 47.6 31.7 65.0 33.3 46.74 6.77 43.07
PRLT 2/89-33 0.0 25 24.4 . 7.0 9.02 2.36 13.98
PT 732B-P2 52.9 57.1 20.7 73.9 66.7 54.26 7.23 47.37
P 1449-2 0.0 0.0 7.7 0.0 0.0 1.55 0.55 3.22
ICMP 451-P6 0.0 0.0 33 8.3 0.0 2.32 0.94 5.44
W 504-1-1 23.8 37.9 36.0 67.9 52.2 43.56 6.50 41.16
P310-17B 0.0 9.1 0.0 0.0 0.0 1.82 0.60 3.51
Controls
7042(S) (susceptible) 57 5 48.8 50.0 69.4 65.8 58.30 7.62 49.85
7042(S) (susceptible) 39.5 62.9 50.0 58.3 51.4 52.42 7.22 46.40
HB 3 (susceptible) 38.5 47.5 40.0 64.1 48.8 47.78 6.88 43.73
P 7-3 (resistant) 42.3 31.3 57.7 60.9 41.4 46.72 6.78 43.07
Mean 20.00 3.70 22.99
SE +3.56 +0.47 +3.11
CV (%) 39.85 28.27 30.29
F ratio 34.48 24.97 26.95
h? (plot-basis) 0.87 0.83 0.84
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Seventy-two pearl millet genotypes were screened.
These included:

* Eritrean landraces (Bultug Keren, Bultug Mebred,
Bultug Mogolo, Tosho, Zibedi, Gudmay and Tokroray),

*+ promising new open-pollinated varieties (notably
ICMV 221),

* 48 populations and male-sterile lines from ICRISAT-
Hyderabad (potential parental material),

*« two susceptible controls 7042(S) and HB 3, and one
resistant control (P 7-3), and

« 11 parents of the pearl millet mapping populations
available at CAZS.

The latter are part of a DFID-PSP-supported project to
map pearl millet downy mildew resistance genes, in
which ICRISAT and CAZS are collaborating.

There were 5 pots per host entry, with 42 seeds sown
per pot. The pots were arranged in 5 randomized complete
blocks on flood benching. The seed was sown on 26
February 2001 and the seedlings were spray-inoculated
with sporangial suspension of isolate F23, on 2 March
2001, when most seedlings were at the one to two leaf
stage, using the method described by Jones et al. (2001).
The inoculum concentration used was 1.7 x 10° sporangia
mL™', and each pot of seedlings received approximately 4
mL of inoculum. Seedlings were assessed for disease
during 19-22 March 2001. Downy mildew incidence
(percentage infected seedling per pot, and its square root
and arcsine-transformed values) data were subjected to
ANOVA, and broad-sense heritabilities (plot-wise) were
calculated.

Results and Discussion

The results are given in Table 1, where the number of
infected plants in each replication is expressed as a
percentage of the total number of plants per pot. Note the
general consistency across replicates achievable by this
screening method. The high heritability estimates reflect
the effective control ofinoculum quantity and uniformity,
and seedling growth (ie, tight control of environmentally-
induced variation) in this experiment.

Susceptible control genotypes 7042(S) and HB 3 showed
approximately 50% infection (rather less than expected),
and the resistant control genotype P 7-3 proved surprisingly
susceptible to this isolate of the pathogen. There was a
good range of values among the other materials tested: the
Bultug Keren landrace was particularly susceptible with an
overall mean infection of 79.5% (omitting block C as an
outlying value). Three introduced male-sterile lines

84 ISMN 42, 2001

(ICMA 98333,ICMA 92444 and ICMA 00888) had 0%
infection for each block, and three other introductions
(ICMA 99111, P 1449-2 and P 310-17B) showed <2%
downy mildew incidence. Downy mildew resistant lines
P 1449-2 and P 310-17B are parents ofpearl millet mapping
populations derived from crosses to susceptible lines
PT 732B-P2 and W 504-1-1, respectively, so it should be
possible to map resistance loci effective against this
pathogen isolate using genetic stocks previously developed
by ICRISAT and its DFID-PSP-supported UK collaborators.
Finally, improved cultivar ICMV 221 (recently released
as 'Kona') showed 11.3-11.6% disease incidence.

The results were used in developing crossing programs
from which future pearl millet varieties for Eritrea will be
derived. It is clear that the Eritrea-ICRISAT-CAZS
collaboration works well and is tackling a serious problem
in an efficient and cost-effective way. However, studies to
date have looked at just one Eritrean isolate of the
pathogen that causes downy mildew. Further, at present
all the pearl millet breeding work in Eritrea is done at
Hagaz in Anseba. It is therefore important to determine
whether resistance identified by field screening at Hagaz
is valid for the rest of the country. Is there just one, or
more than one, major pathotype of downy mildew in
Eritrea? It would be of great value to have information on
this.
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Evaluation of Pearl Millet Varieties

for Resistance to Striga hermonthica
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Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br] is a major
crop in the semi-arid savanna zone of Africa where the
parasitic weed Striga hermonthica (Del.) Benth. causes
serious yield losses to millet and other cereal crops.
Sauerbom (1991) estimated that in Africa 21 million ha
are infested with Striga, resulting in an annual loss of 4.1
million tonnes of grain.

Host-plant resistance may play a role in reducing
S. hermonthica reproduction, while tolerant varieties may
result in long-term build up of S. hermonthica seed
numbers in the soil (Doggett 1988). Indigenous varieties
of crops have co-evolved with S. hermonthica and are
able to produce moderate yields while supporting a high
density of 5. hermonthica plants to the reproductive stage,
thereby contributing to increases in S. hermonthica seed
numbers in the soil as shown by Weber et al. (1995) in
northern Nigeria. On the other hand, complete host-plant
resistance through low production of 5. hermonthica
germination stimulant would result in no increase or even
a decrease in soilborne seed numbers. Cultural practices
that reduce Striga populations in crops such as maize
(Zea mays L.) and sorghum (Sorghum bicolor (L.) Moench]
can be adapted to pearl millet cultivation, but little
information is available on genetic resistance in pearl millet.

Based on an unpublished field survey conducted by
Gworgworetal. in 1994, several pearl millet landraces were
identified as supporting very few Striga plants per unit
area in the semi-arid zone of northeastern Nigeria. The
objective of the reported research work was to evaluate
these varieties for resistance to S. hermonthica and to
identify the best for use in future breeding programs.
'Resistance’ in this report is defined as supporting only a
few emerged Striga plants.

Materials and Methods

A trial was conducted in 1995 at the teaching and research
farm of the Department of Crop Science, University of
Maiduguri in the semi-arid zone of Nigeria (11 °51"' N,
13°15' E), where the growing season lasts for 3 months -
from early Jun to early Sep. The trial area soil, a sandy
loam naturally infested with S. hermonthica, was harrowed
to a fine tilth before plots (3 m x 3 m) were marked out and

banded with 60 kg N ha"' applied as compound NPK
(15:15:15) in two equal splits. The first application was
broadcast before sowing and incorporated into the soil,
and the second was hand-placed 15 cm away from the
plants and covered with soil 5 weeks after sowing (WAS).

The treatments consisted of three pearl millet varieties,
the collected landraces Buduma-Chad and Ex-Pulka, and
Ex-Borno (a locally adapted improved variety). These
were laid out in a completely randomized-block design
with 4 replications. The data collected were on plant
height (cm), time to 50% flowering (days after sowing,
DAS), number of tillers plant”, number of effective tillers
plant”, stem diameter (mm), panicle length (cm), panicle
diameter (m), number of Striga plants plot™', Striga plant
height (cm), and host grain yield (t ha'). The data
collected were subjected to analysis of variances and the
treatments means compared by LSD (P<0.05) when
F-values were significant.

Results

The results show significant variation in plant height, time
to 50% flowering, and both total and effective numbers of
tillers among the three pearl millet varieties (Table 1). Ex-
Borno had the tallest plants followed by Ex-Pulka and the
shortest variety was Buduma-Chad. However, Buduma-
Chad flowered first (36 DAS) followed by Ex-Borno (53
DAS), while Ex-Pulka flowered very late (62 DAS). Both
Buduma-Chad and Ex-Pulka produced similar numbers
of total tillers and effective tillers, significantly more than
the Ex-Borno variety (Table 1).

Statistically significant differences were observed in
stem diameter, panicle length, and panicle diameter
among the three pearl millet varieties (Table 1). Ex-Borno
had the thickest stems and panicles, while Buduma-Chad
had the thinnest stems and panicles. Ex-Pulka and Ex-
Borno varieties both produced significantly longer
panicles than Buduma-Chad (Table 1).

There were no statistically significant differences in
the numbers of emerged Striga plants supported by the
varieties, but significant differences were observed in Striga
plant height (Table 1). Striga plant height was significantly
positively correlated with time to 50% flowering. Wilson
et al. (1998) reported the positive correlation of Striga
count data with time to 50% flowering in wild Pennisetum
spp. and observed that the emergence of Striga was lower
for early flowering accessions. Although differences were
not significant, the Buduma-Chad variety supported the
least number of Striga plants followed by the Ex-Borno
and Ex-Pulka. Further, Buduma-Chad supported the
shortest Striga plants, which were significantly shorter
than those supported by Ex-Pulka, but comparable with
those supported by Ex-Borno. Ex-Pulka and Ex-Borno
supported Striga plants of comparable height.
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There was significant variation in grain yield among
the three pearl millet varieties (Table 1). Ex-Bomo produced
significantly more grain than the others, while Buduma-
Chad produced the lowest yield.

Table 2 shows the correlation between grain yield, growth
parameters, and Striga infestation. Pearl millet grain yield
was significantly positively correlated with plant height,
time to 50% flowering, stem diameter, and panicle length
and diameter. Panicle diameter was significantly positively
correlated with plant height, time to 50% flowering, stem
diameter, and panicle length. Panicle length was significantly
positively correlated with time to 50% flowering and stem
diameter. Stem diameter, on the other hand, was
significantly positively correlated with plant height, time
to 50% flowering, and Striga plant height, but was
significantly negatively correlated with total numbers of
tillers. Total number of tillers was significantly negatively
correlated only with plant height, while Striga plant
height was positively significantly correlated with time to
50% flowering.

Discussion

Although no significant difference was observed in the

number of emerged Striga supported by the varieties,
Buduma-Chad supported numerically fewer Striga plants

than Ex-Pulka and Ex-Bomo. This indicates that the
varieties have similar levels of resistance to Striga. The
lower numbers of Striga plants supported by Buduma-
Chad could be due to an escape mechanism because such
earlier-maturing host genotypes stop feeding their Striga
parasites before they are able to mature. The significantly
shorter height of Striga plants supported by Buduma-
Chad (Table 1) supports this interpretation. This character
of Buduma-Chad, however, did not allow it to produce
higher yields. Instead, it produced the lowest grain yield
among the three host varieties. This low grain yield of
Buduma-Chad could be due to its genetic composition
that resulted in its short stature, thin stems, and short, thin
panicles. All these features contribute naturally to its
yielding less than the other two varieties that had higher
values for these characters. Gworgwor (1998) reported
improved pearl millet variety 3/4 HIC-2-2 as exhibiting
some resistance to Striga but as having poor yield
potential that was attributable to its genetic composition.

Buduma-Chad flowered earlier than the other two
varieties in this study and had a higher tillering ability
than Ex-Borno. To develop a variety with improved
resistance to Striga and high grain yield, Buduma-Chad
could be crossed with Ex-Borno to combine its possible
Striga resistance, superior tillering ability, and early
flowering characters with the tall height, thick stem, and
long thick panicles of Ex-Borno. The possibility of

Table 1. Effect of pearl millet variety on the growth parameters, yield, and Striga infestation, Maiduguri, Nigeria, 1995.

Plant Time (d) Total Effective Stem Panicle Panicle = Number Striga Grain

height (cm) to 50% tillers tillers diameter length diameter of Striga plant yield

Variety at harvest flowering plant™” plant™ (mm) (cm) (mm) plants plot” height (cm) (t ha™)
Buduma-Chad 177.6 36.0 24 1.0 10.4 19.6 19.4 5.8 6.2 22
Ex-Pulka 201.6 62.7 2.9 12 12.0 23.9 22.2 10.0 32.2 5.5
Ex-Borno 256.2 53.0 1.3 0.4 13.8 23.2 25.0 7.8 24.3 7.6
SE +5.85 +0.20 +0.42 +0.26 +0.33 +0.97  +0.53 +4.06 +8.40 1.8
LSD(P>0.05) 14.31 0.50 1.04 0.64 0.81 2.39 1.30 NS 20.56 43

Table 2. Correlation coefficients (r) between pearl millet growth parameters, Striga infestation and grain yield, Maiduguri, Nigeria,

1995.

1 2 3 4 5 6 7 8 9 10
Plant height - 0.326 0.058 0.350 -0.601* -0.346 0.937 -0.393 -0.914**  0.812**
Time to 50% flowering _ 0.312 0.740**  0.101 0.330 0.572* 0.845**  0.596* 0.635*
Number of Striga plants plot™” - 0.442 0.373 -0.102 0.095 0.096 0.213 0.076
Striga plant height - -0.064 0.309 0.552* 0.453 0.507 0.492
Total tillers - 0.104 -0.582* -0.017 -0.421 -0.466
Effective tillers - -0.174 0.220 -0.259 -0.080
Stem diameter - 0.586* 0.925** 0.893**
Panicle length - 0.558* 0.622*
Panicle diameter - 0.840**
Grain yield -
*P>0.05; * P>0.01;**  P>0.001
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successfully obtaining such a recombination of characters
is supported by the correlation coefficient results (Table 2)
that show grain yield is significantly positively correlated
with plant height, time to 50% flowering, stem diameter,
and panicle length and diameter.

The continuing interests of farmers in keeping landraces
are obviously due to socio-economic reasons (Carr 1989,
Rower 1996). It is therefore important to maintain the
morphological features of the local landraces while
improving their resistance to Striga, tillering ability, and
early flowering if possible. In the long run, development
of pearl millet varieties resistant to Striga could help to
substantially reduce the amount of soilborne seed of this
parasitic weed and could substantially increase yields by
more than use of a tolerant variety that would definitely
increase the number of such seeds in the soil each year.
The advantage of using resistant sorghum varieties in
reducing numbers of Striga seeds in the soil and increasing
host grain yield in northern Nigeria and Cameroon has
already been reported (Weber et al. 1995, Carsky et al.
1996).
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Introduction

The secondary and tertiary gene pools of pearl millet
[Pennisetum glaucum (L.) R. Br.] consist of species with
various degrees ofchromosome homology and interspecific
sexual compatibility with P. glaucum. Because pearl
millet is reproductively isolated from these gene pools, it
is likely that genetic variation for resistance to Striga
hermonthica (Del.) Benth. that has not been apparent in
cultivated pearl millet may exist in these species.

The secondary gene pool of pearl millet consists of
napiergrass, Pennisetum purpureum Schumach. Accessions
of this species are maintained at Tifton, Georgia, USA.
However, at this location seed rarely develops before
frost, and accessions must be propagated vegetatively.
Evaluating the secondary gene pool accessions in
Georgia would require rooted stem sections - an atypical
approach to evaluate Striga resistance. To circumvent this
problem, pollen can be collected from these accessions
and crossed onto cytoplasmic male-sterile selections of
pearl millet to produce interspecific F; seed to evaluate
dominant or additive expression of resistance.

The tertiary gene pool species tend to be resistant to
many diseases common to pearl millet (Wilson and
Hanna 1992). Although seed set can be relatively low and
resulting seeds are often rather small in size, seed is available
for direct evaluation of several tertiary gene pool species.

Materials and Methods

Secondary gene pool. Pollen was collected from napier-
grass plants grown at Tifton, Georgia, and crossed onto
cytoplasmic male-sterile pearl millet in the greenhouse.
Resulting hybrids were evaluated in three trials.

At Cinzana, Mali, in 1998, seed was sown inarandomized
complete block design with four replications on 10 July.
Plots consisted of single rows spaced 1 m apart with 7 hills
per entry. Striga counts within plots were made 59, 74,
and 89 days after sowing. The average maximum number
of Striga per hill was calculated within plots. At Samanko,
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Mali, in 1999, the experiment was conducted in arandomized
complete block design with four replications. Each
replication consisted of a single-row plot with 6 plants per
row. Rows were spaced 1 m apart. Plants were started by
germinating seeds in flats in a greenhouse. Seed was
sown on 1 July and seedlings transplanted on 13 July.
Natural infestation was augmented by artificially infesting
in-furrow with Striga seed. Striga counts were made per
plant at 56, 70, 84, 98, and 112 days after transplanting.
Average maximum number of Striga per plant was
determined. At Sadore, Niger, in 1999, seed was sown in
pots maintained outdoors in a randomized complete
block design with 15 replications. Seed was sown on 9
June and transplanted on 14 June. All pots were artificially
infested with Striga seed. Numbers of emerged Striga per
pot were counted at weekly intervals from 25 to 99 days
after transplanting.

Tertiary gene pool. Tests were conducted at Samanko in
1998 and at Samanko and Sadore in 1999. Experiments
were conducted in randomized complete block designs
with four replications. In 1998, seed was sown directly
into the field. In 1999, seed was sown in flats in the
greenhouse in mid-June and seedlings were transplanted
to the field two weeks later. Plots were infested with
Striga seed in-furrow. Striga emergence at Samanko was
evaluated at 65, 78, and 92 days after transplanting. In
1999, plant vigor was assessed on a 0 to 5 scale, where 0 =
dead and 5 = fully vigorous and healthy.

Species evaluated and number of accessions of each
species (in parentheses) included P. orientate L.C. Rich. (5),
P. setaceum (Forsskal) Chiov. (5), P. nervosum Trin. (4),
P. pedicillatum Trin. (4), P. polystachion (L.) Schult. (4),

P. schweinfurthii Pilger (4), P. squamulatum Fresen. (4),

Table 1. Average numbers of emerged Striga per host plant of F, hybrids of pearl millet x napiergrass (N) accessions, Mali and

Niger, 1998-1999.

Average number of emerged Striga per host plant

Hybrid Cinzana Samanko Sadore 3-test
Female x male 1998 1999 1999 average
Tift 23A4x N69 6.7 a - - _
Tift 23A4 x N12 5.7 abcd - - -
Tift 23A1 x N73 3.4 abcde - - -
Tift 23A4E x N 158 2.2 abcde - - -
Tift 23DAsx N13 1.0 de - - -
Tift 23A; x N36-1 05e - - -
Tift 23A4E x N138 3.3 abcde 0.2 ef - -
Tift 23A1 x N51 6.5 ab 0.5 de 14.3 abcde 71
Tift 23A4E x N170 14 cde 0.0 f 18.8 a 6.7
Tift 23A4E x N166 2.4 abcde 0.3 def 15.2 abc 6.0
Tift 23A1 x N9 12 de 0.1 ef 16.4 ab 5.9
Tift 23A4E x N186 3.1 abcde 0.4 def 12.5 abcdef 5.3
Tift 23A4E x N68 0.9 de 0.1 ef 14.6 abcd 5.2
Tift 23A4E x N34-1 2.9 abcde 0.4 def 11.6 bcdefg 5.0
Tift 23A1x N57 14 cde 0.8 cde 12.2 abcdefg 4.8
Tift 23A4E x N24-1 2.3 abcde 0.0 f 12.0 abcdefg 4.8
Tift 23A4 x N16 3.3 abcde 14 ¢ 9.4 bedefg 4.7
Tift 23A4E x N185 6.3 abc 0.2 ef 7.2 fg 4.6
Tift 23A1 x N74 0.7 e 0.1 ef 12.7 abcdef 4.5
Tift 23A1 x N39-2 0.6 e 0.2 ef 11.7abcdefg 4.2
Tift 23A4E x N131 0.0e 0.9 cd 9.1 cdefg 3.3
Tift 23A4E x N66 1.0 de 0.4 def 7.0 fg 2.8
Tift 23A; x N14 0.8 de 0.1 ef 7.5 defg 2.8
Tift 23A4 x N20 1.6 bcde 0.0 f 6.6 fg 2.7
Tift 23A4E x N137 1.3 de 0.3 def 5149 2.2
Controls
Toronio 2.0 abcde - - -
Boboni 23 b - - -
E 36-1 (sorghum) 4.9 a - - -
Sadore local 10.5 bcdefg - - -
Isd (P = 0.05) 4.9 0.7 7.3 -
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P. ramosum (Hochst.) Schweinf. (3), P. villosum R. Brown ex
Fresen (3), P. alopecuroides (L.) Sprengel (2), P. macrourum
Trin. (1), P. mezianum Leeke (1), P. setosum (Swartz) L.C.
Rich. (1), P. subangustum (Schumach.) Stapf & C.E. Hubbard
(1), Cenchrus ciliaris L. (2), and C. setigres Vahl (1).

Results

Secondary gene pool. Striga infestation varied across
locations in this experiment. Levels were lowest at
Samanko in 1999 (an unusually wet year) and greatest in
the pot trial at Sadore in 1999 (Table 1). Coefficients of
variation were characteristically high in each experiment,
and ranged from 75% at Sadore to 191% at Samanko.
Although numeric differences in Striga infestation
among entries existed, statistically significant differences
were often noted only among the extreme entries. Definitive
identification of resistance is not possible from the
present data, but parental lines of several hybrids merit
further evaluation as sources of resistance. Hybrids
involving napiergrass entries 131,66,14,20, and 137 tended
to have lower overall Striga infestation across the three
evaluations.

In addition to Striga in the 1999 Samanko and Sadore
trials, leaf spots caused by Pyricularia grisea (Cke.) Sacc.
were evident. No infection by downy mildew (caused by
Sclerospora graminicola (Sacc.) J. Schrot.) was observed
although pearl millet in adjacent trials was infected.

Tertiary gene pool. Pennisetum germination was extremely
low in 1998 and few plants emerged. No useful data could
be obtained from the experiment. In 1999, the tertiary
gene pool species tended to be poorly adapted to both the
Samanko and Sadore environments. High rainfall at Samanko
was a likely cause of poor plant development as was
drought at Sadore. Stands of many entries declined from
the time of transplanting. At Samanko, many plants were
cut off at ground level by insect feeding and roots of many
stunted plants appeared to exhibit nematode damage. No
downy mildew was observed.

Striga emergence at Samanko was extremely low.
Average number of emerged Striga per host plant was
0.25 for Boboni, 0.17 for Srriga-susceptible sorghum
[Sorghum bicolor (L.) Moench] control entry E 36-1, and
0.08 for P. squamulatum PS262. No Striga was observed
on the remaining entries. For comparison, in 2000, an
average rainfall year at Samanko, emerged Striga on
single plants of Boboni and E 36-1 averaged 10.5 and
25.2, respectively. No Striga emerged in the Sadore
experiment.

Vigor ratings collected in 1999 were analyzed to
identify species that might be adapted to sub-Saharan

Africa and useful for further studies. Species and their
ranges of vigor scores (1sdoos = 1.0) were: P. pedicillatum
(4.3-4.9), P. setosum (4.1), P. subangustum (4.0), P.
macrourum (4.0), P. polystachion (2.1-4.0), P. nervosum
(0.4-4.4), P. mezianum (1.9), P. schweinfurthii (1.0-1.9),
P. ramosum (0.8-1.8), P. setaceum (0.9-1.7), P. squamulatum
(1.3-1.6), Cenchrus ciliaris (0.4-1.4), C. setigres (1.1),
P. villosum (0.6-1.1), P. orientale (0.3-1.0), and P.
alopecuroides (0.4-0.6). The P. pedicellatum accessions
were adapted to both locations and might be further
evaluated for their response to Striga infestation.
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Introduction

Finger millet [Eleusine coracana (L.) Gaertn] is one of the
important small millet crops widely cultivated in South
Asia and Africa. The crop suffers due to occurrence of
blast caused by Pyricularia grisea at all stages of crop
growth. The disease causes recurring yield losses of
around 28%, which can be much higher in epidemic
years. Understanding mechanisms of resistance is
essential for an effective breeding program. Some
attempts (Mohanti et al. 1983) have been made to
understand mechanisms of resistance against Pyricularia
sp. in rice (Oryza sativa L.). However, attempts to
determine defense mechanisms in finger millet are scanty.
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In the present study, an attempt was therefore made to
establish the anatomical basis of resistance to blast in
finger millet.
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Material and Methods

A field experiment was conducted in randomized block
designs with three replications during the rainy seasons of
1993/94 and 1994/95 using 40 diverse finger millet
genotypes at the Regional Agricultural Research Station,
Rewa, Madhya Pradesh, India. Genotypes were sown in
10-row plots, with 22.5 cm between rows and 10 cm
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recommended for finger millet cultivation in MP were
strictly adapted for optimum crop growth. Leaf and neck
samples were collected from selected healthy plants of
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each genotype to record anatomical characters (thickness
of leaf cuticle and epidermis, thickness of neck epidermis,
and number of neck chlorenchymatous strands). Leaf blast,
neck blast and finger blast incidence (%) were recorded.
Genotypic and phenotypic correlation coefficients among
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Results and Discussion

The range of observed variation was 17.65 to 24.85 pm
for leaf epidermal thickness, 7.55 to 11.38 pum for leaf
cuticular thickness, 7.14 to 29.02 ym for neck epidermal
thickness, and 9.5 to 24.0 for number of neck
chlorenchymatous strands. Resistant genotypes, such as
GE 3022, GE 3024, GE 3058, GE 3060, IE 1012 and MR
6, possessed thick leaf cuticle, thick leaf epidermis, thick
neck epidermis and relatively low numbers of neck
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chlorenchymatous strands. On other hand, susceptible
genotypes K 7, VR 586, PES 110, PPR 2679 and VMEC 35
possessed thin epidermis and cuticle layers and relatively
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large numbers of neck chlorenchymatous strands. These
observations suggest that in finger millet, as previously
reported by Mohanti and Gangopadhyay (1983) in rice,
epidermal and cuticular thickness of leaves and neck
create surface structural barriers to entry by the pathogen
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0.790
0.799

0822

. 795

0. 708
0.679
0,025

Leaf blast

that provide defense mechanisms against Pyricularia sp.

Correlations of anatomical characters with blast incidence
showed consistency in results across the two years of this
study. In the pooled analysis, number of neck chloren-
chymatous strands showed positive and significant
associations with incidence of all forms of blast (Table 1).
However, number of neck chlorenchymatous strands
exhibited significant negative associations with epidermal
and cuticular thickness of leaf and neck regions of the
plant. This clearly indicates that increases in number of
chlorenchymatous strands favors blast incidence. Epidermal

Table 1. Phenotypic correlations (upper diagonal ) and genotypic correlations (lower diagonal) among blast incidence and anatomical traits in finger millet at Rewa, Madhya

Pradesh, India, during the rainy seasons of 199394 and 199495,

* = gignificant &t 3% level; ** = significant at 1% level

No. of chlorenchymatous strands

Neck blast incidence
Finger blast incidence
Leaf epidermal thickness
Leaf cuticular thickness
Neck epidermal thickness
Grain yield

Leaf blast incidence

and cuticular thickness showed significant negative
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associations with incidence of all forms of blast. This
indicates that epidermis thickness of leaf and neck, and
leaf cuticle thickness contribute to resistance against blast
in finger millet.

The present study revealed that epidermal and cuticular
thickness play a major role in determining resistance of
finger millet against P. grisea. Hence, these traits can be
effectively utilized as selection criteria for identification
of resistant lines in finger millet breeding programs.
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Introduction

Anther culture is an effective method to breed inbred lines
in a short time. In pearl millet [Pennisetum glaucum (L.)
R. Br.] there are only a few reports about anther culture and
the reported regeneration ratio from anther culture of this
crop is very low (Choi et al. 1997). Bui Dang Ha and
Pernes (1982) also reported that anther culture derived
pearl millet lines were completely sterile.

The objective of this study is to breed pearl millet
inbred lines by anther culture and estimate their combining
ability and discuss the possibility to utilize this method
for hybrid breeding.

Materials and Methods

The anthers of a short-statured population, ICMV 89074
(SP), and a tall-statured population (TP, Totok etal. 1998)
were cultured on the dedifferentiation medium (Table 1)

Table 1. Effects of media composition and genotype on plant
regeneration in anther culture of pearl millet.

Name D2 D3
Basal medium' MS MS
Plant growth 2,4-D 2.5 2.5
regulator 1AA 2.5 2.5
(mgL™") NAA 25 1.0
Kinetin 2.5 1.0
No. of anthers SP? 1770 1740
cultured TP 2100 2010
No. of regenerated SP 5 0
plants (albino) TP 0(1) 7
Green plants regeneration  SP 40.4 0
ratio per E callus (%) TP 0 30.8

1. All media (including regeneration medium) contain sucrose (20 g
L") and gellun gum (1.5 g L™").
2. SP = short population (ICMV 89074); TP = tall population.
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Table 2. Coefficients of variation, days to heading" and yield of line AC5, its original population and hybrids.

Coefficients of variation (%)

1st? 2nd Days to heading Yield (g m?)
Genotype D C P D C P 1st 2nd 1st 2nd
AC5 8.0 23.4 19.7 3.5 11.2 8.0 97 58 317 289
ICMV 89074 4.1 19.6 14.6 6.8 166 11.9 95 58 411 86
843A x AC5 - - - 5.6 9.1 6.3 - 50 - 279
843A x EERC - - - 94 11.2 14.3 - 44 - 233
843A R - - 4.7 11.6 13.2 R 46 - R

1. D = days to heading; C = culm length; P = panicle length.

2. 1st, 2nd: 1st (summer) and 2nd (autumn) seasons' trials transplanted on 9 May and 26 August in 2000, respectively.

in 1999. After callus formation, embryogenic calli (E calli)
were transplanted on the regeneration medium [MS + IAA
(3.0 mg L") + kinetin (2.5 mg L™)]. The chromosome
number ofregenerated plants was determined by microscopic
observation. A total of 11 plants produced seeds and these
11 lines were tested in the field for two seasons in 2000.

Among the anther culture derived lines, crossings
were conducted in summer 2000. In addition to yield and
yield components, coefficients of variation for days to
heading, culm length and panicle length within the line
were calculated. Combining ability was estimated from
the field experiment conducted in the autumn of 2000.
Hybrids between anther culture derived lines and 843A
were also examined.

Results and Discussion

A total of five dedifferentiation media (D1-D5) were
used for this experiment, but most of plants were
regenerated from D2 and D3 medium (Table 1). The
highest regeneration ratio (no. of green plants regenerated /
no. of anthers cultured) was only 0.3%, and was obtained

b
£
;
{
e
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Figure 1. Panicles of hybrid (middle) and its parents (anther
culture derived pearl millet inbred lines).
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when TP was cultured on D3 medium. However, plant
regeneration from E callus was very high and the ratio of
albino plants was low. Chromosome observation confirmed
that spontaneous chromosome doubling had already
occurred in most ofthe plantlets. Therefore, the efficiency of
obtaining doubled haploid plants through anther culture
seems to be increased when E callus induction can be
improved. Using young anthers (0.5-1.0 mm) and low
temperature treatment (10°C, 1 week) was effective for
plant regeneration in this study.

From the field trial we selected one line (AC5) as
promising. Several lines among the 11 tested performed
poorly and their coefficients of variation were high. As
shown in Table 2, the field performance of AC5 was good,
and its coefficient of variation was lower than 843 A (inbred
line). Therefore, AC5 is expected to be genetically fixed.

Hybrids between anther culture derived lines showed
heterosis (Fig. 1). Anther culture derived lines restored
the fertility of 843A, and the hybrid 843A x AC5 yielded
higher than topcross hybrid 843 Ax EERC C, (Table 2). AC5
is expected to have good combining ability. These results
show the possibility of application of the anther culture
method to the breeding of pearl millet hybrid parental lines.
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Introduction

Mitochondrial genome variation, and interactions of the
mitochondrial and nuclear genomes, have been implicated
in the cytoplasmic-nuclear male-sterility systems available
for commercial hybrid seed multiplication in many crop
species (Leaver et al. 1988). Molecular characterization
of plant mitochondrial genomes typically requires isolation
of mitochondrial DNA (mtDNA) from young seedlings
following protocols that efficiently exclude nuclear DNA
and RNA by DNAse and RNAse treatments followed by
differential centrifugation to isolate mitochondria. The
maternally inherited cytoplasmic genome, of which the
mitochondrial genome is a part, constitutes a very small
proportion of the total plant genome. Thus, large numbers
of seedlings are required to meet experimental requirements
for mtDNA studies. This is a constraint, particularly in
highly cross-pollinated crops like pearl millet (Pennisetum
glaucum (L.) R. Br.) where production of selfed/sibbed
seed is much more expensive, tedious and time-consuming
than that of open-pollinated (OP) seed.

While characterizing cytoplasmic-nuclear male sterility
(CMS) sources in pearl millet, we faced problems in
producing selfed or sibbed seed of several materials in
quantities sufficient to give mtDNA for RFLP analysis.
Alternative approaches with potential to provide sufficient
DNA were evaluated. Use of OP seed instead of sibbed-
seed was explored as both have the same cytoplasmic
genome. We also explored use of total DNA (tDNA) for
this purpose, as it is more quickly isolated, requires less
seed, and is potentially more cost-effective than using
mtDNA.

Materials and Methods

Plant material. In this study we used one male-fertile
line (81B) and five iso-nuclear male-sterile lines (A-lines)
with diverse CMS systems in the nuclear genetic-
background of their common maintainer (81B). The A-
lines include 81 A; having the A; cytoplasm (Burton
1965), 81A; and 81A; having the A, and A; cytoplasms
(Burton and Athwal 1967), 81A, having the cytoplasm of P.
glaucum subsp. violaceum (Lam.) L. Rich. (Marchais and
Pernes 1985), and 81A, = 81A, having the cytoplasm of P.
glaucum subsp. monodii (=violaceum) (Maire) Brunken
(Hanna 1989). The isonuclear A-lines studied here were
developed, or assembled from other sources, at ICRISAT
(Rai et al. 1996).

Seed multiplication. Two types of seed lots were produced:
open-pollinated and sibbed seed. Open-pollinated seed
lots came from the bulk harvest of open-pollinated
panicles of each line. Sibbed seed lots were produced by
bagging the panicles of each line at the boot stage and
pollinating them with 81B pollen at the time of stigma
emergence. Panicles from each line were harvested
separately and bulked. Care was taken to ensure that off-
type plants and pollen shedders were excluded from seed
production of each A-line for this study.

DNA probes. One homologous (pearl millet) and two
heterologous (maize) mtDNA probes were used in the
RFLP analysis. The homologous probe was a 4.7 kb
fragment from Psrl-digested mtDNA of A, pearl millet
male-sterile cytoplasm, provided by RL Smith, University
of Florida, USA (Smith and Chowdhury 1991). The two
maize mtDNA probes were atp6 and coxl. The F4-Fg
ATPase subunit 6, atp6 (Dewey et al. 1985), was provided
by C.S. Levings Ill, Genetics Department, North Carolina
State University, Raleigh, NC, USA, as purified plasmid
DNA with this insert. A clone of cytochrome c oxidase
subunit 1, cox/ (Isaac et al. 1985) was provided by CJ Leaver,
Department of Botany. University of Oxford, Oxford, UK.

The three probes were used to hybridize mtDNA/tDNA
digested with three restriction enzymes in eight different
combinations (Table 1).

DN A analysis. Previously described protocols were followed
for mtDNA isolation, its digestion with BamHI, Hindll
and Pstl, separation of DNA fragments and their staining,
Southern transfer, random-primed DNA probe labeling,
hybridization, and autoradiography (Chhabraet al. 1998).
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Table 1. Enzyme-probe combinations tested for detection of RFLP in mtDNA (mt) and tDNA (t) using open-pollinated (0} and sibbed-seed (S) of pear] millet male-fertile

maintainer line 818 and five isonuclear cytoplasmic male-sterile lines (814, 814, 81A , 81A_ =81A_ and §1A ).
5

94

BIB

B1A,

BIA,

BIA,

BlA,

BIA,

Enzyme-probe
combination

ISMN 42,

Hindlll-4.7 kb
Hindlll-coxl

2001

Psil-4.7 kb
Psil-atph

Puil-coxl

BamH1-4.7 kb

BamHl-atp6

BamHI-coxl

+ indicates that the particular enzyme-probe combination was tested

Total DNA was isolated using the method of Dellaporta
et al. (1983). Restriction enzyme digestion reactions were
set up as per supplier's instructions with ~15 yg DNA in a
final volume of 30 pyL. Southern blotting, prehybridization,
probe labeling, and hybridization procedures were the
same as those used for the mtDNA samples.

Results and Discussion

RFLP banding patterns based on mtDNA for the OP seed
were identical to those based on mtDNA from sibbed seed
(not shown) with all 31 cytoplasm x enzyme-probe
combinations tested (Table 1). This clearly indicated that
OP and sibbed seed can be used of mtDNA-RFLP analysis
with equal reliability.

In all four enzyme-probe combinations tested (Table 1),
RFLP banding patterns were identical from tDNA and
mtDNA Southern blots as illustrated for BamHI-cox/ in
Figure 1. The only difference observed was that bands
appeared hazy and their resolution was reduced when
tDNA was used. A few bands with very similar molecular
weights appeared fused, resulting in thick hazy bands when
digested tDNA was used in place of digested mtDNA.

mtDNA total DNA

Figure 1. Southern blot hybridizations of tDNA (A) and mtDNA
(B) of pearl millet male-fertile (81B) and two cytoplasmic male-
sterile lines (81 Ay and 81A,= 81A,4). The tDNA and mtDNA
samples were digested with Hindlll and BamHI, respectively,
and probed with coxl. Fragment sizes are given in kilobases (kb).
Arrows indicate apparent fusion of two (6.5 kb and 6.0 kb) or
three (7.4 kb, 6.5 kb and 6.0 kb) fragments in tDNA Southern
blots. Genotypes: B = 81B, A1 = 81A4, A, = 81A, = 81A,.



For example, 6.5 kb and 6.0 kb bands in 81B merged to
form a single thick band in BamHI-coxl Southern blots of
tDNA (Fig. 1B), whereas, they appeared as independent
distinct bands in mtDNA Southern blots (Fig. 1A).
Similarly, three bands of 7.4 kb, 6.5 kb and 6.0 kb were
not well resolved in tDNA blots (Fig. 1B). This might be
because tDNA digested with restriction enzymes yields a
larger number of fragments, which then require 1) longer
gels, 2) shorter exposure times of autorads, or 3) use of a
phospho-imager, in order to achieve effective separation
of each fragment comparable to that possible for the
smaller fragment numbers from digested mtDNA. The
similarity in intensity of hybridization for the tDNA and
mtDNA blots is indicative of the high specificity of
probes that were used in this study. Results might not
have been as favorable if less-specific probes had been
used. The resolution in tDNA bands increased when
longer gels were used for digested tDNA (data not
shown). Our results indicate that mtDNA probes can be
used with tDNA preparations for RFLP analysis of
mitochondrial genome differences. However, this approach
will need to be used with caution if repeated sequences
are used as probes or copies of the mitochondrial genome
are present in the nucleus.
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Utilization

Popping Quality and Sensory Quality
of Small Millets

Sarita Srivastava*, Sangita Kumari and Shadab
Masud (Department of Food and Nutrion, College of
Home Science, GB Pant University of Agriculture &
Technology, Pantnagar 263 145, Uttar Pradesh, India)
*Corresponding author: sarita_sri56@rediffmail.com

Introduction

Popped cereal, especially popcorn, is widely used as a
snack food in India and several other parts of the world.
The technique of popping is quick, relatively simple, and
improves the digestibility of starch in cereal grains. The
small millets are rich sources of minerals and B-vitamins
(Malleshi 1986). They are generally consumed in the
form of chapathi (unleavened bread) or boiled like rice.
Some studies have shown that they can be popped.
Popped finger millet (Eleusine coracana Gaertn.) is eaten
in some villages of South India, but the popped form of
other small millets is uncommon. The present study was
undertaken to develop simple technology of popping
small millets and to test the sensory quality of popped
grains of small millets to assess their suitability for use as
snack foods.

Material and Methods

A total of 29 improved genotypes and 23 local samples of
barnyard millet [Echinochloa colona (L.) Link], finger
millet, foxtail millet [Setaria italica (L.) Beauv.J, and
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Figure 1. Sensory quality (means of 10 replicates) of popped
grains of four species of small millets on a nine-point hedonic
scale. Standard errors are given above the bar for each species.
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proso millet (Pancium miliacem L.), obtained from the
Kumaon region of Uttar Pradesh, were studied. The
moisture content of grains was standardized by soaking
the grains in water for varying periods and thereafter
drying at room temperature for varying periods. On the
basis of preliminary trials, the following treatments were
selected and given to the grains before popping:

« fingermillet 10 minutes soaking and 3 hours

drying;

« foxtail millet 5 minutes soaking and 1 hour
drying;

* proso millet 1 hour soaking and 12 hours drying;
and

* barnyard millet no soaking.

Popping was in common salt following the method of
Srivastava and Batra (1998). Popping percentage and
volume of popped kernels were recorded. Flake size was
calculated as the ratio of volume of popped kernels to
number of popped kernels. Sensory quality of popped
samples were evaluated on a nine-point hedonic scale by
a trained panel of 10 members (Amerine et al. 1965).

Results and Discussion

Popping percentages of finger millet samples ranged
from 86 to 95%, while those of foxtail millet ranged from
75 to 96%, barnyard millet ranged from 78 to 84%, and
proso millet ranged from 52 to 58%. The highest mean
popping percentages were observed for finger millet,
followed by foxtail millet, barnyard millet and proso
millet. However, the percentage of fully popped grains
was highest for foxtail millet (46 to 75%) and lowest in
finger millet (20 to 78%). Flake size was highest for proso
millet (0.033 to 0.035) and lowest in finger millet (0.006
to 0.015). Of all the small millets tested, foxtail millet had
the best sensory quality, followed by finger millet, proso
millet and barnyard millet (Fig. 1). Popped grains offoxtail
millet, finger millet and proso millet were acceptable, but
popped grains of barnyard millet had a slightly bitter taste.
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The phanerogamous root parasite Striga hermonthica
(Del.) Benth. causes major yield reductions in the principal
cereal crops of semi-arid Africa. A workshop on breeding
for Striga resistance in cereals was held at the
International Institute of Tropical Agriculture (IITA) in
Ibadan, Nigeria, from 18 to 20 August 1999. The meeting
was organized by the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), IITA, the
University of Hohenheim, Eberhard-Karls University of
Tubingen, and the Rockefeller Foundation. Funding was
provided by the Bundesministerium fur wirtschaftliche
Zusammenarbeit (BMZ), Germany, the Rockefeller
Foundation, and the International Fund for Agricultural
Development (IFAD). The 56 participants comprised 26
cereal breeders or weed specialists from national
agricultural research systems (NARS) of 17 African
countries, and 30 scientists or representatives from the
International Maize and Wheat Improvement Center
(CIMMYT), Centre de cooperation internationale en
recherche agronomique pour le developpement (CIRAD),
ICRISAT, IITA, John Innes Centre (JIC), the Natural
Resources Institute (NRI), Pan African Striga Control
Network (PASCON), ProAgro Seed Company, the
Rockefeller Foundation, Cornell University, University of
Hohenheim, Purdue University, University of Sheffield,
University of Tubingen, West Africa Rice Development
Association (WARDA), and the Weizmann Institute of
Science.

Objectives of the workshop were two-fold: 1) to
summarize the "state of the art" of cereal breeding for Striga
resistance (including conventional and biotechnological
approaches), and; 2) to develop with NARS scientists
future strategies for Striga control in sorghum, maize,
millet and rice, emphasizing host plant resistance. The
workshop included presentations related to physiology of

the host/parasite interaction; resistance mechanisms;
inheritance ofresistance; new sources of resistance in wild
relatives of sorghum; actual breeding programs for Striga
resistance in maize, sorghum, millet, and rice; molecular
markers for Striga resistance; identification of Striga
tolerance genes in maize using transposable elements;
other biotechnological approaches for Striga control;
diversity of Striga populations and consequences for
resistance breeding; and breeding towards integrated
Striga control. Since so many presentations dealt with
molecular markers, the workshop was preceded by a two-
day training course on the application of molecular
markers in plant breeding programs (16-17 August;
training manual available on-line at http://www.icrisat.org/
gt1/mol/molecular.htm). Participants visited the IITA
screenhouses at Ibadan, and several field trials (on-station
and on-farm) at Mokwa. On the final day, working groups
discussed future strategies in Striga research and
developed the following recommendations.

Strategies essential for efficient conventional breeding
for Striga resistance include:

« careful definition of target environments;

+ determination of the most important selection traits for
each target environment;

+ identification of adapted parents for use in a backcross
program;

« training of NARS scientists to use both laboratory and
field screening methods;

« transfer of available resistance into farmer-selected
varieties, through combined use of laboratory (e.g.,
agar-gel and paper-roll assay) and field screening
methodologies;

+ combining different resistance mechanisms and
tolerance to Striga in individual varieties; and

+ networking and exchange of useful plant genotypes.

Population improvement through development of a
random-mating population combining several different
resistance genes could be very useful, but would have to
be carried out on a large scale by a dedicated, able breeder.

Targeted searches for new resistance sources in pearl
millet, sorghum, and their wild relatives are important
using recently perfected field and laboratory screening
methodologies.

Marker technology and QTL analyses were considered
to be potentially very useful. Verification of results is
essential, as preliminary results suggest complex QTL
patterns and low repeatability of individual QTL across
environments and different mapping population samples.
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Future research efforts should continue to

« develop universal marker systems, especially allele-
specific markers;

+ develop isogenic lines to quantify QTL effects for
Striga resistance;

+ create an integrated, PCR-based sorghum reference
map (begin by integrating Striga resistance mapping
populations);

« identify adapted sorghum parents for use in marker-
assisted selection programs;

+ determine whether the low-stimulant genes in SRN 39
and IS 9830 are identical; and

+ develop a sorghum data base (ICRISAT leadership).

Once resistance genes have been identified, efforts
should be made to exploit synteny in sorghum, maize,
rice and millet. Transfer of resistance genes from cowpea
into cereals was not considered a priority.

The continued search for resistance mechanisms and
their genetic basis should always run parallel to the
marker approach, with a final aim of identifying allele-
specific markers. Enhanced knowledge of the physiology
of the host/parasite interaction is urgently required to:

* examine interactions between host root exudates and
exudates from the Striga radicle;

+ determine how Striga induces its strong sink reaction;

+ study how early host plant flowering minimizes the
"bewitching" effect of Striga on its host;

+ clarify the role of ABA; and

* study mechanisms of antibiosis.

An unconventional approach to Striga control would
reduce Striga vigor by genetic engineering. In this
approach enzymes are identified that reduce the vigor of
Striga, using deleterious transposons (DTs) to reduce
Striga vigor. First model studies are underway at the
Weizmann Institute of Science.

The development of cultivars with target site
resistance to acetolactate synthase (ALS) inhibiting
herbicides was considered to be (probably) appropriate
for maize in Africa and pearl millet and sorghum in Asia
(i.e., in regions where the crops do not have feral or
weedy relatives). It seems less appropriate forrice in Asia
and Africa, pearl millet in West Africa, and sorghum in
Africa (i.e., in crop/region combinations where feral or
weedy relatives are present).

Transposon-based mutation breeding may allow

researchers to:

+ find resistant phenotypes that previously did not exist,
due to transposon insertion into relevant genes;

+ tag genes that are involved in host response to Striga
(forward genetics);

* isolate and clone the gene; and

* use the cloned gene in both the host and other host
plant species.
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Future research related to Striga variability should:

* study inheritance ofisoenzyme and DNA markers;

« analyze linkage between markers;

« perform cytological studies on Striga chromosome
number and degree of polyploidy;

« develop 10 to 15 micro-satellites for Striga diversity
studies;

» estimate polymorphism in Striga hermonthica populations
that are naturally adapted to different hosts;

+ test more populations from wide geographic sites
across Africa, and from a variety of different resistant
and susceptible hosts;

+ extend host range tests;

+ standardize sampling procedures;

* include farmer consultation on field history;

+ create genetic stocks of various Striga strains by
developing full-sib families;

+ develop a set of host plant differential lines; and

+ elucidate mechanisms and inheritance of Striga
virulence focussing on Striga sensitivity to germination
stimulants, Striga penetration into host roots, and the
role of exoenzymes.

Inter-Center collaboration is highly encouraged in this

respect.

With respect to integrated Striga control, methodologies
immediately available for technology transfer/extension
services include:

* maize/legume (groundnut, soybean, cowpea) inter-
cropping, plus weeding and fertilization: 100-120 kg
N and 50-60 kg P,Os for moist savannas;

+ sorghum/cowpea intercropping: two rows sorghum +
four rows cowpea, strip planting;

+ rotations of cereals and legumes; and

+ tied ridges for the Sahel.

Further research on integrated Striga control should
focus on:

* location-specific laboratory screening of cultivars of
non-host species for their ability to germinate Striga
(cowpea, soybean, groundnut, cotton, pigeon pea,
Phaseolus beans, cassava, sorghum, millet, maize,
Stylosanthes, and sesame);

* participatory, on-farm development of individual,
integrated Striga control packages, adapted to each
target area; especially consider rotation or intercropping
of sorghum/maize with legumes (soybean, cowpea,
groundnut, Phaseolus bean); and

* impact studies.

Individuals/organizations have been identified to carry
forward on most of the above topics. A CD proceedings
of the workshop is in preparation.



Identification of Technological Research
and Demands for Extending Pearl Millet
Cultivation in Brazil: Final Report of the
First International Pearl Millet
Workshop Organized by JICA and
Embrapa at Planaltina, Brazil, 9-10
June 1999

Mauricio Antonio Lopes (Assistant Head of Research &
Development, Embrapa Com & Sorghum, Sete Lagoas,
MG Brazil)

Pearl millet has been used in Brazil as an excellent option
for producing mulch to cover soils in no-till farming
areas, or as a source of winter forage or grazing forage in
arid regions or during dry seasons, and to a lesser extent
as a source of grains for use in animal fodder. Due to its
versatility, rusticity and rapid growth, particularly in areas
where Brazil's cerrado savanna soils predominate, the
demand for new cultivars and information has been rising
rapidly over recent years. For this reason, the Japan
International Cooperation Agency (JICA), Embrapa
Cerrados (CPAC) and Embrapa Corn and Sorghum
(CNPMS) organized the first international Pearl Millet
Workshop held at Embrapa Cerrados near Brasilia, on 9-
10 June 1999. This event was attended by renowned
scientists from Brazil and abroad, as well as
representatives of professional associations, ranchers,
growers and farmers interested in various aspects of the
development and use of this grass. Because of the high
level of presentations and discussions, which focused on
the main problems and issues of a practical nature related
to growing pearl millet in Brazil, this event provided an
excellent opportunity for probing demands for technological
research supporting pearl millet-growing in Brazil. The
Organizing Committee thus decided to prepare this Final
Report, presenting in a brief and objective manner the
main concerns and recommendations put forward by the
various speakers and discussants. Listed below are the
topics covered at each of the Workshop Sessions, indicating
the main research recommendations put forward during
this event.

Breeding and Seed Production
Dr C Tom Hash, ICRISAT-Patancheru, India

Dr Hash explained that pearl millet is a robust diploid
annual grass which is predominately cross-pollinated,
and whose genetic enhancement methodologies are very
similar to those used for maize. The main types of pearl
millet cultivars are:

Varieties

* Open-pollinated cultivars - synthetics and composites
Produced from base stocks;
Selection methods include recurrent selection, population
backcrossing, etc.

Hybrids

* Use the concept of combining ability: line x tester and
topcross;

+ Enhancement of specific combining ability is tagged as
top priority;

* Reciprocal recurrent selection is used to increase
heterosis;

+ To produce hybrids, it is necessary to generate gene
pools or define heterotic groups.

Desired traits for pearl millet hybrids

* In grain production fields, the plants must be male
fertile;

« Which is assigned higher priority: enhancement to
maximize yield potential or general performance including
seed production characters?

* General performance should be assigned higher
priority (deliverable hybrids):

+ Stable male-sterility of the seed parent;

* Predictable flowering of hybrid parents in seed
production environments;

* The male parent should be taller and the female
shorter;

*+ The female should have good seed yield capacity;

* Special care should be taken when assessing pollen
production capacity of the hybrid and stigma
receptivity of its seed parent;

*+ Other important features: lodging, pest/disease
resistance, etc.

Molecular genetics

* Pearl millet has a relatively small genome - 3 pg/
haploid - and only 7 chromosomes;

*+ This species may become a good model for marker-
assisted selection because of its relatively short genetic
linkage map and high levels of polymorphism;

» There are also possibilities that this species could
become a good model for genomic studies (control
mechanisms for drought tolerance, grain quality, etc.).

Pearl Millet in Brazil
Dr Luis Albino Bonamigo, Sementes Bonamigo,
Campo Grande, MS, Brazil

Dr Bonamigo presented an excellent analysis of the
impacts of introduction of pearl millet on the development
of no-till agriculture in Brazil. According to Dr Bonamigo,
no other crop has managed to achieve the biomass
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production levels of pearl millet. Data was presented
indicating a dry matter output in 57 days of 6.3 t ha™,
equivalent to 112 kg ha' d'. The most important points in
the presentation included:

Factors affecting the success of pearl millet:

* Drought tolerance making it well-adapted to poor water
availability conditions in Brazil's cerrado savannas;

* Good development in high and low fertility soils;

*« Rapid growth and impressive mass production capacity;

*+ Growing operations can be mechanized,;

* Low weed encroachment;

» Few problems with pests and diseases;

« Good tolerance to low temperatures;

*+ Good seed production.

Dr Bonamigo analyzed the main problems and concerns
requiring responses from pearl millet research and
development institutions in Brazil:

Aircraft overlay sowing:

*+ Has not worked well - very uneven results;

*» Water availability for establishing the system is a
limiting factor - need 35 mm during a period of up to
10 days after sowing;

+ Seed quality is a limiting factor for the effective
introduction of this system.

Sementes Bonamigo is not developing new cultivars:

+ Due to the specific characteristics of the market for
open-pollinated varieties this activity offers poor
returns for the company;

* However, there is a demand for more detailed work on
genetic enhancement to produce varieties and hybrids.

PANEL SESSION 1: Pearl Millet in No-till
Farming Systems

First Panelist
Dr Carlos Pitol, Fundacao MS, Maracaju, MS,
Brazil

Dr Carlos Pitol expounded on the objectives and projects
undertaken by the MS Foundation, which include seeking
solutions to problems perceived as imposing constraints
on pearl millet in Central and western Brazil. One of the
main problems identified at the start of the work with
pearl millet was the large number of doubts on how to
control pearl millet, as there were fears about its potential
as a weed. The main contributions were:

Guidance on management:

+ Development of technologies based on the use of
herbicides.

« Management practices to reduce the rate of
decomposition of pearl millet straw.
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Problems requiring research:

* Multiplication of Meloydogine javanica, a nematode
that affects soybeans:

« Some species - such as maize - are nematode
multipliers, while pearl millet apparently has the
effect of reducing their numbers.

* There is need to develop technologies to make good
use of pearl millet for grazing lands:

« Many farmers have tested combinations in an
empirical manner.

* Pearl millet/oats, pearl millet/Tanzania grass, etc.

* Uneven germination under drier conditions is a problem
for subsequent crops.

« Uneven flowering results in contamination of the
soybean crop with pearl millet volunteers.

+ Correct management of pearl millet for mulch involves
herbicide application to desiccate the crop when 5 to
10% of the panicles have emerged.

*« Maize following pearl millet very frequently leads to
phytosanitary problems.

* More research is required into the development of
pearl millet cultivars:

+ Development of better adapted cultivars for the
various forms of use: for mulch, forage or grain.

+ Better crop duration, particularly when it is
necessary to maintain mulch for long periods.

Second Panelist
Dr Lucien Seguy, CIRAD-CA, Goiania, GO, Brazil

Dr Lucien Seguy stressed the pioneering role of CIRAD-
CA in the introduction of pearl millet in the Brazilian
cerrados, which interrupted the destructive cycle
represented by monoculture + use of harrow by restructuring
crop production system which is now based on more
intensive soil mulching practices and no-till farming.
Dr Seguy stressed the following advantages for pearl
millet:
* It provides an excellent soil restructuring system as
well as soil carbon replenishment.
* Because of its rapid growth it is an excellent weed
suppressant.
+ It is also an effective biological plough.
« The pearl millet mulch and root system provide a
cushioning effect on soil structure, reducing problems
with soil compaction.

Problems for research:
« Soil fungi populations increase with heavier mulching:
* The low C/N ratio of pearl millet mulch may be
making this problem worse.
+ Grasses with higher C/N ratios are required, in order to
allow the straw to lie on the soil surface for longer periods.



+ Development of photoperiod-insensitive genotypes is
necessary to produce forage cultivars that are better
able to withstand short day lengths and cooler nights.

New opportunities for pearl millet in Brazil:

* There is still little interest in this crop for use in human
nutrition.

* Itcould be an excellent source of additional income for
farmers, with an output of 2,000 - 3,000 kg ha™' of
grains as a second crop.

Third Panelist
Dr Marcio Scalea, Monsanto de Brasil

Dr Marcio Scalea analyzed the situation of pearl millet in
Brazil and highlighted some concerns to be taken under
consideration by research projects:

*« There has been very rapid expansion of this crop in
Brazil over a short period of time.

* The genetic base for this crop in Brazil is very narrow,
which represents a hazard.

e The appearance of more severe diseases and pests
would result in marked vulnerability of this crop and
the no-till production systems that it facilitates.

« It is necessary to broaden the range of options for
genetic materials available to farmers, seeking:

» tolerance to cold temperatures,
* resistance to diseases - particularly rust, and
* higher grain yields.

Another concern is the fact that pearl millet is not
producing good amounts of straw when sequentially
cropped after maize.

Finally, Dr Scalea stressed the need to treat the pearl
millet crop with a more professional and technical
approach, such as row planting, fertilization, etc. There is
also much concern over the indiscriminate or uncontrolled
introduction of seeds from Africa, which might also
introduce the Striga weed, which invades rapidly and is
hard to control.

Fourth Panelist
Dr Roberto Pereira, Embrapa Cerrados, Planaltina,
DF, Brazil

Dr Roberto Pereira presented and discussed a series of
data on research projects assessing the effects of mulching
on weed control, as well as the competitive capacity of the
mulch, compared to the weeds, and the restrictive effects
of mulching crops on subsequent crops.

PANEL SESSION 2: Pearl Millet as a
Forage Crop

Panelist 1
Dr Roger Gates, USDA-ARS, Tifton, GA, USA

Dr Roger Gates presented results from experiments
focused on the use of pearl millet as a forage plant in the
southeastern USA, stressing the work ofthe US Department
of Agriculture (USDA) in the state of Georgia. He
emphasized mat the genetic variability of this species is
immense, offering a great opportunity for the development
of pearl millet cultivars enhanced for a wide variety of
traits.

A pearl millet forage hybrid program should take the
following aspects into consideration, in terms of nutritive
value of this grass:

*« The yield and quality of forage dry matter are affected
by crop maturity.

+ Cellulose content (cell wall) and lignin content
increase as the plant matures.

¢« Crude protein levels drop as the plant matures.

* As aresult, forage digestibility also drops as the plant

matures.

What should be taken into consideration when breeding

pearl millet to produce forage?

* Pearl millet is a crop that builds up high moisture
levels.

* This results in problems related to storage and
processing for silage or hay.

What should be taken into consideration when breeding

hybrids to produce forage?

+ Efficient testing of qualities for forage production is
required.

+ Dramatic changes occur for both composition and
quality of forage during the period 50-80 days after
crop emergence.

* A check should be carried out on the proportions of
grains/stems/leaves at different phases of crop
development, in order to determine the best period to
harvest in order to maximize forage yield and quality.

Important aspects of the pearl millet forage hybrids
breeding program run by the USDA at Tifton, Georgia
include:

1. This program was launched with multi-line hybrid
production - intercrossing several pure lines to produce
hybrids. The Gahi 1 hybrid is a mixture produced by
field-scale intermating of four inbred lines. In the
forage production field, only F4 plants prevail, as the
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inbred lines lack the vigor to compete. This could be an
interesting option as a initial step towards the production
of hybrids in Brazil.

2. Introduction of cytoplasmic male sterility allowed
production of genetically uniform single-cross hybrids
such as Gahi 3.

3. Introduction of dwarfing genes to reduce stem length
between nodes and boost leaf production increased
forage quality and allowed the production of dwarf
hybrids for grazing that are easier to manage than
traditional tall cultivars.

4. Breeding for disease resistance - particularly rust. This
disease has a drastic effect in terms of reducing
digestibility, and should be taken into consideration in
breeding programs.

5. Development of three-way hybrids to boost seed
production efficiency without losing the impact of
heterosis.

6. Encouraging prospects for inter-specific hybrids (pearl
millet x elephant grass) - such a strategy allows seed-
sown crop that last perennially.

Dr Gates also made the following important observations:

+ Pearl millet forage production costs are high, so its
forage should be assigned to livestock with higher
response capacity.

* In orderto produce hay, pearl millet should be grown in
regions with a clearly-defined dry season, in order to
help with processing.

« The high moisture content of this crop adversely
affects the fermentation process for silage. Materials
being ensiled need to have sufficient quantities of
fermentable carbohydrates, and pearl millet forage
should be partially dried before use in production of
silage.

*« To produce feed and food grain, pearl millet has an
advantage over other cereals, as it has low
susceptibility to aflatoxin contamination.

Panelist 2
Dr Armindo Kichel, Embrapa Beef Cattle, Campo
Grande, MS, Brazil

Dr Armindo Kichel presented an excellent summary of

the prospects for the use of pearl millet in beef cattle-

raising systems, illustrating various experiences of

Embrapa Beef Cattle, such as:

*+ management of pearl millet crops for reducing use of
grazing lands;

* management of pearl millet crops for direct grazing;

« management of pearl millet crops for silage;

*« management of pearl millet crops in grazing land
recovery systems; and
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*  management of pearl millet crops as protein banks in
association with traditional grasses (brachiaria).

Dr Kichel outlined research concerns regarding the
capacity of pearl millet crops to extract N and K, with
adverse effects on the subsequent crop.

Panelist 3
Dr Edmundo Benedetti, Uberlandia Federal University,
Uberlandia, MG, Brazil

Professor Benedetti discussed the use of pearl millet in
dairy farming, stressing the potential of this crop in
upgrading milk production systems through enhancing
the nutritional standards of the herd, which is extremely
important in maintaining the competitive edge of the
farmer. During his presentation, he stressed that good
digestibility is important in pearl millet, but not vital. In
some situations, lower digestibility may be offset by
higher mass consumption (better leaf production).

PANEL SESSION 3: Pearl Millet Grain as a
Livestock Feed

Panelist 1
Dr Carlos Roberto Pacheco, Granja Rezende,
Uberlandia, MG, Brazil

Dr Carlos Roberto Pacheco presented a summary of the

difficulties faced by livestock feeding industry when

using pearl millet grains. Based on the experience of

Granja Rezende with processing and using this grain for

animal consumption, the following recommendations

were emphasized:

« Basic information about use of this crop as a feed grain
is in short supply.

« The volume of grain available on an annual basis is
insufficient for more intensive use by the industry.

« There is a lack of information on grain grading
standards and procedures guiding receipt of this grain
by the industry.

* More accurate information is required on the chemical
composition of pearl millet grains as well as better
characterization of the genotypes currently grown.

+ Data is lacking on the energy density of the grain to
guide its use in poultry and swine.

+ Data is lacking on the amino acids profile of pearl
millet grain, and digestibility of the protein/amino
acids, in order to guide its use in poultry feed and swine.

* Further information and studies are necessary to define
the limits on the use of this grain as a feed source for
animals.



Panelist 2
Dr Jose Henrique Stringhini, Uberlandia Federal
University, Uberlandia, MG, Brazil

Professor Stringhini presented a broad-ranging overview

of the data available at both the domestic and

international levels covering the qualitative aspects of
pearl millet grain and its use as a feed source for animals.

This presentation outlined the following points:

+ Pearl millet grain does not contain appreciable levels
of xanthophylls and carotenes, which are important
pigments affecting the appearance of carcasses and
eggs.

* There is wide variation in the composition of pearl
millet grain samples, in terms of crude protein, starch,
ether extract, essential amino acids, etc.

+ Comparative analytical data is lacking for current pearl
millet cultivars compared to other grains such as maize
and sorghum.

* Adjustments are required in grain processing in order
to avoid whole grains or heterogeneity of constituents
in ground bran. This concern is related to the small size
of the pearl millet grain and the inadequate mesh of
screens used by feed processing industries.

+ Digestibility of fiber present in pearl millet grain is
apparently less than that of fiber present in other feed
grains.

« It is necessary to assess genetic variability for the
build-up of tannins and phenolic compounds in pearl
millet grains.

» There are prospects, to be confirmed, of high
concentrations of omega-3 fatty acid in pearl millet
grain (compared to other grains), which could have an
effect on reducing arteriosclerosis.

* There are reports, to be confirmed, of the presence in
pearl millet of substances that could worsen thyroid
problems. These cases seem to be restricted to regions
where iodine-deficient diets are based on pearl millet.

« Compared to other cereals, there is higher trend
towards the rancidification of fatty acids in pearl
millet, which may affect grain processing and storage.

Workshop Proceedings Published

A proceedings of this International Pearl Millet
Workshop has been published in Portuguese by JICA and
Embrapa, along with a limited number of copies of an
English translation. While stocks permit, copies are available
from Embrapa Cerrados (milheto@cpac.embrapa.br) and
Embrapa Corn and Sorghum (cnpms@cnpms.embrapa.br).
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Farmers in Targeted Area Using a
Wider Range of Crop Management
Options Leading to Increased
Productivity in Zimbabwe

GM Heinrich (SADC/ICRISAT Sorghum and Millet
Improvement Program, PO Box 776, Bulawayo, Zimbabwe)
g.heinrich@cgiar.org

Introduction

One of the major research themes or Intermediate Results
(IRs) in Phase 1V of the Sorghum and Millet Improvement
Program (SMIP) is to increase the productivity of
sorghum- and pearl millet-based systems—IR1.2. Highlights
of work conducted under this research theme in Zimbabwe
to date are described. It should be noted that this work is
interlinked with that of other SMIP themes on seed systems
and improving output markets.

The objectives of IR1.2 are to increase the productivity
and incomes of smallholder farmers, and to protect the
environment through the adoption ofintegrated soil water
and nutrient management (ISWNM) technologies. Soil
nutrient status is extremely important in crop production
because it has a direct effect on the productive potential of
the environment. Soil nutrients in communal areas in
Zimbabwe are declining due to net nutrient outflows
(Mapfumo and Giller 2001). (Zimbabwe is one of SMIP's
Phase IV target countries.) These areas are also semi-arid,
and often their crop productivity is limited by lack of
moisture. This makes improved soil water management
important. Poor soil water management can also cause
erosion that contributes to major nutrient losses and
environmental degradation. Research has shown that better
management of these two key resources holds tremendous
potential for increasing productivity and incomes at the
farm level in the semi-arid areas of southern Africa.

Progress of Activities

SMIP's activities on soil water management target both
the identification and adaptation of improved management
options, and the pilot testing of approaches aimed to facilitate
adoption of better management systems by smallholder
farmers. In tests for approaches for management options,
links with input supply and output marketing efforts are
crucial. Research in this area is being conducted in both
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Tanzania and Zimbabwe and the key partners are the
national research and extension systems. In Zimbabwe,
other partners include the University of Zimbabwe
Department of Soil Science; the FAO; the Rockefeller
Foundation (which contributes financial support); Tropical
Soils Biology and Fertility (TSBF) Program; and NGOs:
Intermediate Technology Development Group (ITDG),
CARE, and the Citizens Network; and farmers. Private
sector companies like the Zimbabwe Fertilizer Company
are also becoming involved.

In both Tanzania and Zimbabwe, work on increasing
productivity began with in-depth literature reviews on
past research on soil fertility and soil water management,
the examination of technology options currently considered
to be effective, levels of adoption of recommended practices,
and farmers' current production systems. Baseline surveys
were implemented on farmers' current practices and
production constraints in target research areas. Information
generated in the ICRISAT crop growth simulation
program helped to guide the choice of input levels mat
were examined. Discussions were also held with research,
extension, and NGO personnel and farmers on identifying
technology options that appeared to be practical and
effective and were of interest to farmers.

Identification of promising technologies in Zimbabwe.
Interaction with target communities was initiated in the
1998/99 cropping season, and a systematic on-farm, farmer
participatory research (FPR) process was launched
during the 1999/2000 cropping season. The purpose of
farmer participatory research is to test and adapt a range
of soil fertility and soil water management options
identified earlier in the program. Options that prove
successful were to be fed into a subsequent pilot program
aimed to facilitate broad adoption in target areas. Two
representative target districts, Tsholotsho and Gwanda
South, were selected in 1998/99 and a third, Zvishavane,
was added in 2000/01.

To institute the FPR program in communities, initial
village level meetings were held to introduce and discuss
the program with the communities at which interested
farmers volunteered to participate in the program. Further
meetings were held with groups of volunteer farmers to
discuss and choose the technology options and methods
for conducting trials. The majority of the volunteers were
women.

A series of dials were implemented. These included
two trial types: Researcher Managed trials (RM) and
Farmer Managed trials (FM). The RM trials were designed



to address topics of particular interest to research, and to
provide good quantitative data on specific questions.
Researchers supervised all field operations and data
collection activities, and provided the necessary inputs. In
the FM trials, farmers individually selected the technology
options they wished to evaluate. However, for the different
options tested, farmers had to agree on trial design and
systems for applying experimental variables. Farmers
individually decided on the levels at which they would
apply all non-experimental variables, and conducted all
field operations including the maintenance of records of
the operations. Researchers assisted farmers to collect
harvest data. The main cereal crops in the trials were
sorghum and pearl millet and the main legume crops were
groundnuts, cowpeas, and bambara groundnuts.

Field days were held prior to harvesting at trial sites
identified as exemplifying the most important lessons
emerging from the trials program (from both the RM and
FM trials). Attendance at field days was generally about
100 to 150 farmers.

After harvesting, farmersjointly evaluated all technology
options that were under experimentation—scoring and
ranking the various treatments using their own evaluation
criteria.

Technology options evaluated during the 1999/2000
season include the following:

* Modified tied ridging in combination with fertility
improvement treatments (modified tied ridging
involves using a plough to make furrows between crop
rows, and "tying" the furrows with soil after every 1 or
2 meters to trap rain water in the field. The operation
was implemented in place of the first weeding.)

* The use of farmyard manure (FYM) and combinations
of minimal amounts of FYM and inorganic nitrogen

« Management systems to improve the quality of FYM

*« The use of legume rotations to improve soil fertility

« Seed priming (seed is soaked overnight in water,
before planting. The purpose is to improve the rate of
emergence. Stand establishment is a common problem
in the semi-arid areas).

Rainfall in the 1999/2000 season was about 100%
above normal in the two target research areas in
Zimbabwe. This was also the first year of the trials
program. Results should therefore be interpreted with
caution. None-the-less, several results are of interest.
Highlights include the following:

* Noyield benefits could be attributed to water conservation
measures for the year because rainfall was abundant.
Although modified tied ridging did not show yield
benefits, farmers found it easy and practical to use.
Researchers observed that the system appeared to slow
down water movement/runoffin the field and to help in

reducing erosion. The system looks promising in drier
years.

* An "exchange visit" to see on-farm research being
conducted in other semi-arid areas of the country
stimulated participating farmers' interest in a water
conservation system known as "dead-level contours
and infiltration pits". About five farmers spontaneously
started testing these systems in their own fields.

* Grain yield response to FYM was limited in this first
year of application. However, improved management
of FYM (in this case, heaping and covering the manure
in July, prior to application at planting) significantly
improved the grain yield response. This appeared to be
related to an increase in the amount of available nitrate
in the FYM, as a result of the treatment.

« There was a significant difference in grain yield
response to different FYM types. Goat manure gave
significantly higher yields than cattle manure, at the
7% level of probability, across manure management
systems. In these trials, goat manure also had higher
initial levels of N.

+ On average, there was a significant response to the
application of limited amounts of mineral nitrogen (9
and 18 kg ha™' N applied as ammonium nitrate). This
was not unexpected in a year of good rainfall.

* In end of year assessments, farmers concluded that
goat manure is more "powerful" than cattle manure. In
one location, farmers concluded that if a farmer has no
cash at the start of the season he should apply FYM.
But where cash is available, a farmer would get more
immediate benefits from applying small amounts of
inorganic N. Resources permitting, the best option
would be to apply both FYM and N.

« Farmers consistently indicated that seed priming did
increase the rate of emergence in both cereal and
legume crops (cowpeas and bambara - it was not tried
on groundnuts). While the yield benefit was not evident
in this wet year, however, farmers felt that seed priming
was a low-cost and practical option that can be useful
in improving stand establishment in drier years.

The FPR program initiated in 1999/2000 was continued
in 2000/01. The purpose was to obtain a more thorough
evaluation of the options, and compare responses across
years. In addition, the second year of testing included
evaluation of residual effects of different manure
management treatments and different levels of manure
applications and of effects of rotation treatments.

The 2000/01 season was quite different from the
preceding season. In Gwanda South, there was almost no
rain in November and December. In January, rainfall was
rather limited and from February onwards became quite
regular. As a consequence, crops were planted late—in
January instead of November/December.
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In Tsholotsho, rainfall at the start of the season was
reasonably good, and most of the trials were planted in
December. However, there was a severe drought in
January. Much of the maize died. In the experiments,
most of the crops survived, but yield potential was
reduced. Analysis of results of the second year, and a
combined analysis across years, will be completed in
August 2001.

In October 2000, a "Farmer Field Schools" (FFS)
program was initiated, with support from extension
personnel and other partner institutions (financial support
has been provided by the Rockefeller Foundation). FFS
groups (with 15 to 30 farmers each, the majority ofwhom
are women) were formed in Tsholotsho (3 groups),
Gwanda South (2 groups), and Zvishavane (2 groups).
The groups meet weekly with a "facilitator" to discuss
issues on principles of integrated soil fertility and water
management and the related technology options to test.
Each group's members decide on topics to examine, and
jointly implements trials on a designated site.

The objective of the FFS program is to help farmers
understand the basic principles of integrated soil water
and nutrient management. The program also includes
other relevant technology options. Participating farmers
are encouraged to experiment on the management of
resources which they already have, based on an
understanding of certain underlying principles. A greater
understanding of the principles of integrated soil water
and nutrient management is expected to enhance farmers'
ability to make rational management decisions in response
to changes in their biophysical and socio-economic
environment, and to make them less dependent on
receiving specific technical recommendations from
external sources. In the same target areas, SMIP is also
initiating collaborative programs with NGOs and private
sector companies to simultaneously improve farmers'
access to input and output markets.

To date, implementation of the FFS program has gone
well, and it is particularly popular with farmers. However,
the current system is also fairly expensive (per farmer
reached), particularly with regard to the training of FFS
facilitators (extension officers). At a recent workshop,
partners in the program discussed methods for reducing
costs, increasing the number of FFSs and beneficiaries,
and improving the sustainability of the FFS approach.
Some innovative ideas developed will be tested in the
coming season.
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Seed Policy in Mozambique

DD Rohrbach (SADC/ICRISAT Sorghum and Millet
Improvement (Program, PO Box 776, Bulawayo, Zimbabwe)
d.rohrbach @cgiar.org

Sorghum and Millet Improvement Program (SMIP) recently
completed a review of seed policies in Mozambique in
collaboration with the national Ministerio da Agricultura
e Desenvolvimento Rural and Michigan State University.
This study estimates Mozambique is annually losing up to
US $77 million in productivity gains from the failure of
the national seed system to disseminate new varieties of
grain and grain legume crops currently identified on the
national registration list. This includes an annual loss of
US$14 million resulting from the failure to disseminate
improved varieties of sorghum and pearl millet. Substantially
larger sums are being lost ifone considers the complementary
costs of continuing food insecurity and poverty.

The study offers a number of recommendations for
strengthening the national seed system. For example,
several recommendations are provided for the simplification
of procedures for variety registration and release. Formal
release procedures are suggested for varieties developed
within Mozambique. However, the country would benefit
by allowing the simple registration of varieties released in
neighboring counties.

The analysis recommends the allocation of a specific
budget to maintain breeder seed stocks of all released
varieties. Cost recovery is recommended through sales of
foundation seed to seed companies and development
projects.

Mozambique is advised to encourage the entry of
additional seed companies into the market. Companies
producing seed locally can be favored in tenders for seed
destined for emergency and development programs.
However, free distribution of seed should be limited. If
concessionary seed distribution through relief and
development programs is necessary, strategies should be
employed to promote the development of seed markets.
Options include the use of small pack sales, and voucher
programs linking seed delivery with the expansion of
retail trading networks.

The study notes that emergency seed requirements are
commonly over-estimated in Mozambique. Better
procedures are needed to more accurately estimate these
requirements. The analysis identifies areas of the country
most prone to drought and flooding, and estimates
approximate seed requirements in these areas. This analysis
will be pursued in more detail when ICRISAT hires a seed
system development specialist for Mozambique under a
new project targeting the development of strategies for
improving the efficiency of emergency seed supply.



The report suggests that community seed production
should be explicitly recognized as a component of the
national seed system. These programs should aim to
complement the development of the commercial seed
market by concentrating on seed crops of lesser commercial
interest, or by working in areas of the country poorly
served by commercial markets. Non-governmental
organizations can also support the development of a
sustainable national seed system by helping companies
test the demand for new varieties and evaluate alternative
marketing strategies.

The study notes that Mozambique currently relies on
regional markets for more than 95% of the seed flowing
through commercial and emergency channels of supply.
This is unusually high by historical standards, and more
efforts are needed to promote local seed production.
Nonetheless, the availability of seed imports has been
highly beneficial to the country. In this context, the
regional seed market should be viewed as complementary
to the national seed system. The efficiency of this link can
be improved with the harmonization of regional seed
laws, the encouragement of regional stockholding and
sale of varieties most suited to Mozambique, and more
active efforts to promote sharing of regionally suited
varieties and germplasm.

The report notes the need to evaluate trade-offs
between the benefits of seed regulation and the costs of
delayed seed access to the nation's farmers. Cheaper seed
of acceptable quality may be more beneficial to most
farmers than expensive seed of extremely high quality. In
this context, Mozambique is encouraged to promote truth
in seed labeling and allow the sale of quality declared
seed.

The study ultimately argues that seed policy should
not simply be viewed as a series of regulations designed
to protect the seed producer or consumer. Instead, seed
policy should encompass a positive investment strategy
targeting the delivery of better seeds to as wide a market
of farmers as possible. The strength of the seed system
should be assessed in terms of higher rates of adoption of
a shifting array of improving varieties.

These findings were presented to a national seed
workshop in early March 2001. Many of the recommen-
dations were accepted for implementation.

A copy of the report titled "Investment priorities for
the development of Mozambique's seed system" by
David D Rohrbach, Jan Low, Alfredo Cucu, Jaquelino
Massingue, Duncan Boughton, Guilhermina Rafael, Antonio
Paulo, and Domingos Jocene, can be obtained from SMIP.

Fighting Food Insecurity through Seed
Entrepreneurship at Community Level

MK Mbunji (SHAPES, Programme Against Malnutrition,
PO Box 30599, Lusaka, Zambia)
pam@zamnet.zm

One of Africa's biggest problems, in Eastern and Southern
Africa in particular, is household food insecurity. In
Zambia, lack of access to seed of improved crop varieties
by most households has been identified as one of the
factors limiting household food security. Seed production
and trade has for a long time been a preserve of advanced
commercial farmers and financially strong seed companies.
Profit motives have continued to undermine the supply of
seed of improved food security crops, which generally
include non-hybrid seed types, in preference for hybrid
seed. The poverty situation of rural people, coupled with
formal sector's insistence on cash as the only mode of
acquiring seed, have further weakened the position of
rural households in benefiting from the advances of
science in crop improvement. Other organizations have
come up to address the situation; and, in any case, the
formal sector meets only 30% of the national seed
requirements. One such organization is the nongovernmental
organization Programme Against Malnutrition (PAM).
Through its Seed Entrepreneurship programmes, PAM
aims to transform smallholder farmers into commercial
seed farmers so as to increase access to seed of improved
crop varieties by the majority of rural farmers. The
ultimate goal is to improve food security in rural areas.

The concept of seed entrepreneurship combines the
advantages of both formal and informal seed supply
systems. It is premised on the fact that producing good
seed requires use of improved production practices and
attention to detail, and on the assumption that in every
community there are farmers, who with proper training
and extension, can become reliable commercial suppliers
of improved seed to their communities. In terms of marketing,
the concept employs the efficiency of the informal sector
in distributing seed while at the same time maintaining
business acumen. The program encourages the seed
acquisition and distribution through commodity exchange
transactions, seed for work transactions, and cash
purchases. A combination of these exchange modes has
proved to be more efficient in distributing seed than the
formal sector requirement for cash under the Zambian
rural setup.

PAM started the Seed Entrepreneurship program as
part of its Drought Rehabilitation Programme (DRP) during
the 1997/98 season. The program is implemented in
collaboration with the Ministry of Agriculture Food and
Fisheries (MAFF) and extension network, which provides

ISMN 42, 2001 107



the required production extension and quality control
services to the seed entrepreneurs. A number of rural
farmers are selected per district (average 35 farmers per
district) and developed into seed entrepreneurs. To
qualify, a farmer needs to have the following:

*+ A high food security status: seed entrepreneurs have
to be food secure to avoid eating seed. This is a good
indicator of the farmers' production capacity;

* A high personal integrity: the farmer has to be of high
standing in their community as seed is bought on
integrity basis; and

* A business mind: the farmer needs to have a business
acumen as seed enterprising requires patience due to
time lapses and also aggressiveness in marketing.

The farmers are trained on on-farm seed production
procedures and entrepreneurship, and are advanced with
all basic materials required for production including
parent seed, fertilizer (in some cases), chemicals, and
packaging materials as a loan, which is recovered after
the farmer has harvested. This is because the program
seeks to promote a business mentality. PAM also helps
promote the seed farmers' activities through field days
and advertisements.

The farmers choose the type of crops to multiply for
seed, based on their assessment of the market (local
farmers' interest). Each year, they are provided with fresh
parent seed by the project. Seed of legumes and cereals is
procured from seed companies, since the seeds are some
of the products that the formal sector already deals in.
But, for the root and tuber (cassava and sweet potatoes)
crops a different system had to be developed, as they are
not available in the formal sector. Elite planting material
for these crops is obtained from primary nurseries
situated at research stations. Keeping the nurseries at
research stations makes it easier for plant breeders to
closely supervise the nurseries so as to ensure that only
very clean materials are released in the system. Produce
from the primary nurseries are multiplied into secondary
nurseries in districts where the crops will be grown.
District nurseries are allocated to farmers with better
production capacity—equipment and infrastructure.
(Sweet potato farmers at this level need to have irrigation
facilities.) It is from these district nurseries that seed
entrepreneurs get their planting materials for bulking
before distributing to other farmers in their community.
Such a system addresses the problem of short shelf life
(quick deterioration) of cuttings and vines, which is
experienced when they are transported over long distances.

During the cropping season, farmers are individually
visited by extension staff for monitoring and are registered
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with the Seed Control and Certification Institute (SCCI)
for quality control and regulatory purposes. The SCCI has
delegated some of its responsibilities for the informal
seed sector at local level to the District Crop Husbandry
Office (CHO). The decentralization of the SCCI has led to
the setting up of seed testing laboratories in various
provincial centers. All seed produced is tested for
planting value. Only seed that has passed and a certificate
issued to that effect, is treated with chemicals and
packaged for sale to the other community farmers as Quality
Declared Seed (QDS).

Entrepreneur farmers in the participating districts have
formed seed associations. These associations are
expected to take over current responsibilities of PAM at
the end of the project's financing period.

Lessons Learned

A number of lessons have emerged from implementing
the seed entrepreneurship program. Some of these
include the following:

< Farmers acknowledge that improved varieties produce
high yields.

+ Seed farmers demonstrated improved cultural practices
and business acumen in producing various crops.

*» Farmers acquired the knowledge and skills necessary
to produce improved seed.

* The extension service has gained its integrity as
farmers on the program look up to them for advice and
services.

* A serious attempt to develop a seed supply system for
non-orthodox seed types like the cassava and sweet
potatoes has been started,

+ Seed of high cultivar purity and planting value is being
produced and marketed commercially at local level by
small-scale farmers.

*+ Loan repayments are almost 100% and the project is
expanding both in number of farmers participating on
the program and in the area put under seed production
per farmer.

+« Seed entrepreneurs are showing signs of improved
living standards.

The seed entrepreneurship program now faces a new
challenge-to keep up to date with consumption trends
and to feed this information to research. By so doing,
research would be able to develop new improved varieties
that meet consumer and market needs.



Testing the Demand for Sorghum Meal
in Tanzania: a Case Study with Power
Foods

DD Rohrbach' and JAB Kiriwaggulu® (1. SADC/
ICRISAT Sorghum and Millet Improvement Program.
PO Box 776, Bulawayo, Zimbabwe; 2. Marketing
Development Bureau, Ministry of Agriculture, PO Box 2,
Dar es Salaam, Tanzania)

*Corresponding author: kiriwaggulu@yahoo.com

Sorghum is the second most important cereal in the
Tanzanian economy. The country's farmers annually
produce over 600,000 t, enough to supply 30 kg of grain
to every consumer in the country. Yet virtually all ofthis is
consumed on the farms where it is produced.

The importance of sorghum as a national food security
crop contrasts sharply with the lack of commercial
marketing and utilization. During a reconnaissance survey
conducted in 1999 (Rohrbach and Kiriwaggulu 1999), we
estimated that less than 40 t of sorghum is being
commercially milled for sale as meal each year. This
compares with an estimated annual commercial milling
of over 300,000 t of maize meal.

Millers expressed skepticism about the levels of
commercial demand for sorghum meal. They argued that
urban consumers, in particular, prefer maize, rice or wheat
based food products. However, this perception contrasts
with the experiences of countries like Botswana where
60,000 t sorghum meal is sold each year (50 kg per
capita), and in South Africa where at least 15,000 t
sorghum meal are sold each year. In particular we would
expect that people migrating to urban areas from sorghum
growing regions of the country would maintain a taste
preference for sorghum meal.

One clue to the lack of sorghum meal demand, obtained
during the 1999 reconnaissance study, was the high
relative price of sorghum meal. In mid-1999, sorghum
meal was selling in the Dar es Salaam at three to four
times the retail price of maize meal. In effect, sorghum
meal only represented a specialty food product.

Yet the justification for this price premium was
difficult to establish. While sorghum prices in Tanzania's
wholesale markets fluctuate sharply from year to year,
these are commonly similar to the price of maize grain. In
Dodoma, a major sorghum producing region, sorghum
prices tend to be less than those for maize.

The two millers found to be processing small quantities
of sorghum complained about the difficulty of grain
processing. In particular, sorghum grain found in the

wholesale market tends to be contaminated with sand and
stones that can only be cleaned through a laborious
process of grain washing. In addition, sorghum needs to
be dehulled before it is ground into flour. Finally, milling
throughput is reduced by the variability of grain quality
associated with mixtures of varieties, and poor grain
storage conditions in the market.

However, none of these factors fully explain the limited
commercial milling of sorghum, and limited sale of sorghum
meal. Grain quality can be improved by communication
about grain standards. Grain processing can be improved
with the purchase of grain cleaners. While questions
remain about the levels and determinants of consumer
demand, it is reasonable to target sorghum meal sales at
minimum rates of one to five percent of the level of maize
meal sales. This would increase sorghum sales from about
40 t per year to at least 3,000 t per year.

Response

In view of this potential, a pilot project was established to
test the demand for sorghum meal in the Dar es Salaam
market. This pilot project tested the assumptions that if
sorghum meal is priced more competitively with maize
meal, and if the quality of the milled product is found to
be acceptable, the market for sorghum meal will grow.
Project components were designed to examine consumer
preferences for sorghum meal, consumer preferences for
alternative sorts of packaging, and the sensitivity of
consumer demand to retail price discounts.

The evaluation of consumer preferences was conducted
through sensory taste panels outside the market, as well as
through surveys of consumers purchasing sorghum meal
in the market. Assessment of market demand for sorghum
meal was pursued through testing for consumer interest in
alternative types and sizes of packaging, and by reducing
the price of sorghum meal to a level closer to the retail
costs of maize meal. The latter experiment included a
review of the costs of sorghum meal production.

In order to assess the commercial viability of the
market for sorghum meal, the pilot project was led by a
small private miller in Dar es Salaam - Power Foods. This
miller had previously experimented with sorghum meal
production. However, when the pilot study was initiated,
the company's sales of sorghum meal were negligible—
less than 2 t per year. Backstop support was provided by
the Sokoine University of Agriculture (SUA), the Tanzania
Food and Nutrition Centre (TFNC), the Ministry of
Agriculture and Cooperatives (MAC), and the International
Crops Research Institute for the Semi-Arid Tropics
(ICRISAT).
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Results

Over the period of the pilot project more than 30 t of
sorghum meal were sold by Power Foods. A major factor
explaining this expansion of sales was the reduction of
sorghum meal prices. The average wholesale price declined
by 50%. The average retail price of sorghum meal sold by
Power Foods similarly declined.

However, sorghum meal still costs 50 to 100% more
than the price of maize meal. This is largely the result of
higher grain processing costs - particularly for grain cleaning
and dehulling. The mechanization of these operations
with appropriate equipment should significantly improve
the efficiency of grain processing. Sorghum meal may then
be sold at prices equal to or lower than for maize meal.

Most of the consumers buying sorghum meal were
purchasing this product for the first time. This implies a
need for continuing promotion to introduce new buyers to
the product.

The results of sensory taste tests suggest a strong
preference for whiter sorghum meal. This can be assured
by purchasing grain from the modern varieties (like
Macia and Pato) now commonly grown in the Dodoma
region. As a result of seed production programs, these
varieties are also spreading across other parts of the country.
The sensory profile suggests a continuing preference for
maize meal compared to sorghum, though the strength of
this preference is not strong. Further analysis may be
needed to test the preferences of households that have
historically consumed this crop.

The retail surveys indicated a preference for clear,
plastic packaging, as opposed to opaque, paper packaging
by the majority of consumers. Buyers want to see the
color and quality of the grain meal. Plastic packages are
also perceived to be more robust than paper. However,
there is also a demand for more attractive and informative
packaging. The latter could include nutritional information
and a recipe.

In sum, the national market for sorghum meal is in the
early stages of development. Demand is growing. But the
market may take many years to establish. The volume of
sales is still too low to attract larger investments in improved
grain processing technologies. And the opportunity to pursue
such investments is limited by credit constraints and high
interest costs. In an effort to resolve these constraints,
ICRISAT and Power Foods are exploring the opportunity
to sell sorghum meal through school feeding programs.
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Breeding for Drought Tolerance
in Sorghum in South Africa

WG Wenzel", K Ayisi’, G Donaldson® and
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Crops Institute, Private Bag X1251, Potchefstroom,
South Africa; 2. Department of Plant Production,
University of the North, Sovenga, South Africa;
3. Northern Province Department of Agriculture and
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*Corresponding author: wenzel@igg2.agric.za

Drought stress is the major constraint in the production of
sorghum. Of all grain crops, sorghum (Sorghum bicolor)
and millets (Pennisetum glaucum) require the least
amount of moisture for development. Drought tolerance
is the degree to which a cultivar or crop can maintain
production under increasing drought stress. The most
drought tolerant cultivar or crop is therefore least
responsive to improved moisture conditions. This means,
that on average, sorghum will not have the same yield
potential as that of maize. A drought tolerant cultivar
increases yield stability by reducing crop failure during
droughts and limiting overproduction during high rainfall
seasons as experienced during the 1999/2000 season in
South Africa.

Table 1. Drought tolerance of sorghum varieties and inbred
lines, Potchefstroom, South Africa, 1999/2000.

Degree of drought tolerance

Intermediate Low
(16 to 44% loss) (45 to 76% loss)

High (up to 15%
loss under stress)

RSA* 498 RSA 1222 VSA 967
RSA 1110 RSA 1225 RSA 1486
A/BSA 1288 RSA 1488 RSA 2516
A/BSA 2465 A/BSA 2447 A/BSA 2845
A/BSA 2861 BSA 3101 A/BSA 2849
SA 3006 SA 3105 A/BSA 2894
VSA 3716 VSA 3699 A/BSA 2896
VSA 3728 VSA 3737 VSA 3744
RSA 4114 RSA 3984 SA 3802
VSA 4158 VSA 4159 VSA 4170
RSA 4206 VSA 4162 VSA 4173
A/BSA 4293 VSA 4166 VSA 4175
A/BSA 4305 RSA 4201 VSA 4179
A/BSA 4301 VSA 4258
A/BSA 4322 VSA 4368
VSA 4396

* RSA = R-line; BSA - B-line; A/BSA = A/B-line; VSA = variety;
SA = unknown fertility reaction.




Table 2. Description of drought tolerant sorghum varieties and inbred lines, Potchefstroom, South Africa, 1997-2000.

Yield potential

Genotype/variety Pedigree Seed color Plant color Stature (m) Season (t ha™
SA 3101 535*1206 white tan 17 late 18
SA 3699 MSU sel549 brown pigmented 15 medium 18
SA 3716 P898012 brown tan 1.0 late 2.0
SA 3728 ICSV 219 white tan 17 late 2.0
SA 3737 245*146 white tan 15 very late 3.3
SA 4158 SPV 351 white tan 16 late 23
SA 4162 SV 1 white tan 1.8 late 2.8
SA 4166 LARSVYT 19 red pigmented 17 very late 2.3
A/B-lines
SA 1288 BTx623 white pigmented 15 medium 11
SA 2465 A3091 white pigmented 14 early 0.9
SA 2861 889*1202 white tan 15 medium 23
SA 4293 1288954 white pigmented 13 medium 1.0
SA 4301 1442*1436 red pigmented 14 medium 2.1
SA 4305 47*1288 red pigmented 14 medium 0.8
R-lines
SA 1488 RTx432 white pigmented 14 medium 13
SA 3984 1568*1670 white tan 15 late 15
SA 4201 SDSR9105 white tan 15 medium 14
SA 4206 R8602 red pigmented 15 late 16

Drought tolerance in sorghum is difficult to assess
because of the crop's differential response to stress during
its ontogeny. Many drought tolerance mechanisms have
been reported, but their relation to grain yield is not yet
fully understood (Rosenow et al. 1996; Turner 1997).
Because of the observed negative correlation between
drought tolerance and yield potential (Wenzel 1999) and
the relatively poor response of tolerant cultivars to
improved moisture conditions, we set out to determine
the yield potential and drought tolerance of sorghum
cultivars.

The experiments were conducted in two trials
consisting of randomized block experiments with three
replications. One trial was irrigated. Drought tolerance
was quantified by 100*(1 - Xd/Xi), where Xd is the
cultivar mean of yield, or of any other trait observed
under dryland conditions and Xi the mean of that trait
under irrigation conditions. Xi for yield is a measure of a
cultivar's yield potential. The average yield loss of a
random sample of cultivars is interpreted as the drought
stress intensity of that trial and can be used to compare
results with other experiments.

During the 1999/2000 season, we evaluated 44
sorghum varieties and inbred lines. Severe drought stress
was experienced resulting in an average yield loss of
44%. The genotypes were divided into three tolerance
groups: tolerant exhibiting yield losses of up to 15%,
intermediate with losses of between 16 and 44%, and

sensitive with between 45 and 75% losses (Table 1). The
drought tolerance of accessions shown in Table 2 were
assessed for three seasons: 1997/1998, 1998/1999 and
1999/2000 (Wenzel 1997, 1999).

A set of promising sorghum genotypes exhibiting
superior drought tolerance and relatively high vyield
potential is now available. The varieties and inbred lines
have the potential to increase and stabilize yields.
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Introduction

Poor crop stand establishment is a major constraint in
smallholder farming in semi-arid areas of Zimbabwe.
Observations in Siabuwa (Chiduza et al. 1995) and in
Chiredzi (Chivasa 1995) revealed high sorghum seeding
rates of 1,200,000 to 1,800,000 seeds ha™', yet plant
populations in farmers' fields ranged from only 22,000 to
160,000 plants ha'-a2-9% germination and emergence
rate. Farmers replant several times to achieve good stands,
often at considerable costs in labor, materials, draught
power, and yields lost because of delayed sowing. Poor
smallholder farmers in semi-arid areas cannot easily afford
these extra costs.

Reasons for poor stand establishment in tropical crops
include inadequate seedbed preparation, low quality seed,
untimely sowing, poor sowing techniques, inadequate soil
moisture, and soil with such adverse physical properties
as a propensity to form surface crusts. These constraints
can be addressed, but at a cost. One low-cost, low-risk
intervention measure is 'on-farm' seed priming; so termed
to distinguish it from the energy-intensive, high technology
seed priming, seed hardening, or seed conditioning processes
available in high-input temperate agriculture (Harris et al.
1999).

Conventional seed priming is well documented (Parera
and Cantliffe 1994, Paul and Chaudhury 1991, Taylor et
al. 1988). It involves controlled hydration, which induces
a series of enzyme systems whose benefits are maintained
after seeds have been dried to their original water content
and stored normally. Subsequent germination is faster,
more uniform, and often more complete. These aspects
are very important under cool, damp conditions prevalent
where temperate, commercial crops are grown. In contrast,
tropical crops are often sown in hot, drying conditions
using unsophisticated sowing techniques. 'On-farm seed
priming' involves hydration of seed by soaking it in water,
usually overnight. This helps counter any adverse effects
of the dry environment by promoting fast emergence and
vigorous seedling growth (Harris et al. 1999).
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Sorghum is one of the major rainfed crops grown in
semi-arid Zimbabwe and is quite drought-tolerant.
Nevertheless, land allocated to sorghum is often reduced
because seed is in short supply. This is because of
persistent droughts and low crop yields which lead to the
consumption of all the grain that is harvested, so very
little is retained for seed. Any agronomic interventions
that increase the proportion of sown seed that emerges
and also increase the rate of emergence will significantly
help farmers reduce costs incurred by seed purchases and
labor. The following is a report of participatory on-farm
research conducted in Musikavanhu Communal Area,
Chipinge, Zimbabwe, with the objective of developing
and testing sorghum seed priming techniques.

Participatory Testing of On-farm Seed Priming

Participatory Rural Appraisals (PRAs) conducted in
Musikavanhu Communal Area identified poor crop
establishment as one of the main problems in sorghum
production. This was also confirmed by observations of
standing farmers' fields.
On-farm seed priming with water immediately before sowing

to speed up emergence was chosen as a low-cost, low-risk

crop characteristics in

intervention to improve sorghum stand establishment.
Before the on-farm trials, pot experiments were conducted
to obtain information on the performance of different
sorghum varieties following seed priming in order to
develop recommendations that could be used in the study
villages. A 'safe limit' of 10 hours for priming seed of Red
Swazi and Muchayeni varieties was established. On-farm
trials began during the 1997/98 season in collaboration
with Department of Agricultural, Technical, and Extension
Services (AGRITEX) extension staff. Participants included
40 sorghum growers (male and female).

Farmers were given 1 kg seed each, halfof which they
soaked overnight, then surface-dried the seed and sowed
it next to non-primed seed in their fields using traditional
methods. The trials were evaluated during Focus Group
Discussions (FGDs), farm walks, and matrix-ranking
exercises. During the FGDs, farmers' opinions were sought
on the advantages and disadvantages of seed priming
compared to their normal practices in a number of researcher-
defined, but mutually agreed -categories relating to
agronomy, crop development, and grain yield.

Results of the Participatory Testing of On-farm
Seed Priming

During the 1997/98 season, the first rains were extremely
late, starting in January rather than November. Consequently,
only a proportion of crops flowered and formed grains.



Perceptions on performance were therefore from a subset
of trials. Farmers who reported that it was easier to sow
primed than non-primed seed indicated that heavier
primed seed was easier to throw into the planting hole
without drifting off-course. This improved control enabled
farmers to regulate spacings and number of seeds per
station much more accurately. Priming also made it easier
for farmers to reject damaged and poor quality seed
because it floated during soaking.

Farmers also noticed that primed seed emerged faster
(1-3 days), fields sown to the primed seed had better
stands, and primed plants grew faster and more
vigorously. There was however no consensus on whether
priming had advantages in drought conditions or against
weeds. Farmers agreed that crops from primed seeds
developed faster, flowered, headed and matured earlier
than non-primed. Ninety-eight percent of all farmers
expressed a wish to prime seed in subsequent seasons.

On-farm seed priming was not unknown to farmers in
Musikavanhu communal area. About 37% of farmers
reported having tried seed priming with maize, but they
were not very successful because they had been poorly
informed on priming times. As a result their seed had
been damaged due to oversoaking. Also, farmers had only
used priming when optimal sowing conditions had been
missed as a way to 'catch up'. They saw on-farm seed
priming as a 'conditional' practice, to be used only under
adverse cropping circumstances. Farmers had not applied
the technique under otherwise optimal sowing conditions.

Importance of Farmer Participation in
Technology Testing and Adoption

Although on-farm seed priming was not a new technology
in Musikavanhu communal area, we were unable to
detect any systematic use of the technology for either
sorghum or maize. Farmers will not appreciate the wide
range of benefits from this low-cost, low-risk practice
unless they have an opportunity to experiment with the
practice on their own. Hence our choice of the
participatory approach in this study. It is highly effective
in empowering farmers to test, develop and adapt seed
priming and to appreciate its effects. It exposes farmers to
a wide range of crop-by-environment interactions within
their own context, which they would otherwise not be
able to see in researchers' trials.

Acceptance of on-farm seed priming by farmers has
been very good in the Musikavanhu communal area.
Almost all farmers who tested the technology said that

they would continue with the practice. This suggests that
simple, paired-plot participatory trials are effective for
extension as well as for adaptive research. On-farm seed
priming is a good example of a 'key technology' - a
simple, low cost intervention whose impact is large
enough to induce farmers to adopt it. Seed priming is
clearly good insurance for farmers. There virtually has
been no negative effect on crops; although sometimes
there is no effect, mostly there are profound benefits.

Future work should be to disseminate the technology
more widely and to quantify its effects on farmer livelihoods.
In drier years there is potential for on-farm seed priming
to contribute a great deal to food security in marginal
areas. Future work should also seek to exploit this
potential. There is potential for priming other crops once
their safe limits have been determined.
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Small-scale Farmers Venture into
Commercial Seed Production

ES Monyo (ICRISAT, Bulawayo, PO Box 776, Bulawayo,
Zimbabwe)
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There is virtually no seed of improved semi-arid crops
(like pearl millet, sorghum, cowpeas, and groundnuts)
sold on the market in southern Africa, in-spite of the
importance of these crops to the livelihoods of people in
semi-arid tropics in the region. To address this shortcoming,
ICRISAT is collaborating with Commutech, a non-
governmental organization, and two private seed
companies, the Seed Company of Zimbabwe (Seed Co.)
and PANNAR, in a pilot project on on-farm commercial
seed production by small-scale farmers in Zimbabwe.
The project was initiated during the 1999/2000 season in
Wards 9 and 13, Tsholotsho district, Matabeleland North,
and Ward 21, Chivi district. Over 600 farmers operating
in groups of 20 to 30 are participating with each allocating
1 to 3 ha for the production of seed of pearl millet variety
PMV 3 and sorghum variety Macia.

Collaborating partners in the project have different
responsibilities. Commutech is responsible for community
mobilization, organization, and local supervision and
monitoring of implementation through its technicians
based in the project Wards. The seed companies are
responsible for contractual arrangements with farmers,
registration of the venture with appropriate authorities,
compliance of the project with rules and regulations of
the national seed service in Zimbabwe, and the sampling
and testing of seed produced by farmers prior to
purchasing it. And ICRISAT is responsible for training
farmers on appropriate management procedures for on-
farm seed production, and catalysing linkages between
other stakeholders (the Departments of Research and
Extension Services) and the project.

Most of the farmers failed to meet the isolation distance
required to avoid contamination ofthe seed crop and were
dropped from the scheme. Only 22-23% of farmers in
both Tsholotsho and Chivi were successful in producing
and delivering seed of acceptable quality (Table 1). Of the
124 ha put under the multiplication of PMV 3 seed in
Tsholotsho by 336 farmers, only 74.2 ha was declared
harvestable as seed. Slightly over 27 tons of seed was
delivered to the seed companies, though the expected
harvest was 44.6 tons. In Chivi, 330 farmers took part in
the project. They multiplied seed of Macia on 133 ha.
Only 75 farmers were successful in producing a seed crop
of good quality and purity, delivering 22.4 tons of seed.
Constraints: Semi-arid areas in southern Africa are under
threat of food insecurity. The top priority for most farmers
in these areas is food for their families before selling. As a
result, those farmers who harvested a good quality seed
crop had to first ensure that their families retain enough
for food before selling. This greatly reduced the amount
of seed that was eventually delivered for sale.

Contribution towards Achieving Project Goals

The project has provided collaborators and farmers
involved with an opportunity to learn about the likely
problems of on-farm seed multiplication. As a result of
experiences from the last season, farmers in Kulumusenza,
Vaghazini, and Dlamini areas of Tsholotsho and the
successful Village Development Committees (VIDCOs)
in Chivi have grouped themselves into seed production
clubs and approached their village headman to be
allocated special land for seed that is properly isolated. A
new pilot project for Tsholotsho for the coming season
targets only 138 farmers, all of whom have registered as
members of small-scale seed production associations in
their respective villages. It is hoped that this will help
address the quality problems encountered during the
1999/2000 season.

Table 1. Summary of small-scale seed production in 1999/2000.

Seed of the sorghum variety Macia produced in Chivi, Zimbabwe, 1999/2000.

Farmers Successful Farmers who Seed produced
involved farmers delivered seed (t)
330 112 75 22.4

Seed of the pearl millet variety PMV 3 produced in Tsholotsho, Zimbabwe, 1999/2000.

Farmers Successful Farmers who Seed produced
involved farmers delivered seed (t)
336 127 76 27.5
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Book Reviews

Chandrashekar A, Bandyopadhyay R and Hall AJ. (eds.)
2000. Technical and institutional options for sorghum grain
mold management: proceedings of an International
Consultation, 18-19 May 2000, ICRISAT, Patancheru,
India. (In En. Summaries in En, Fr.). Patancheru 502 324,
Andhra Pradesh, India: International Crops Research Institute
for the Semi-Arid Tropics. 299 pp. ISBN 92-9066-428-2
HDC $79.00, LDC $30.00, India Rs 1100.

Sorghum grain mold constitutes one of the most important
biotic constraints to sorghum improvement and production
worldwide. It is estimated that annual economic losses in
Asia and Africa that result from grain mold are in excess of
US$ 130 million. The poverty implications include: loss of
access to food, exposure to health risks through contaminated
food, and income losses through lower prices. Papers in
these proceedings review advances in biochemical and
genetic studies, and institutional developments in the sorghum
utilization sector. The opportunities these developments
present, and the potential for impact on the poor are
discussed. Recommendations are presented as three themes.
The first recommends further work to de-link grain hardness
and antifungal properties and to identify resistance genes,
underpinned by the development of molecular markers. The
second recommends that grain mold needs to be tackled as
part of a cluster of quality-related issues important to
industrial users of the crop. New marketing institutions, such
as contract growing, need to be explored. The third focuses
on the need for networking activities to link public research
with private-sector activities related to market development.
Stronger markets for sorghum are essential to maintain the
crop in the farming systems on which the poor depend for
food, fodder, and employment. An approach that combines
technical and institutional innovations could provide
enormous benefits by bringing the power of science to bear
on the livelihoods of the poor.

Heinrich GM, Monyo ES, Nkhori S and Obilana AB.
2000. Enhancing farmer participation in cultivar development:
a primer for sorghum and pearl millet breeders in SADC:
developed from a workshop on farmer participation in
sorghum and pearl millet breeding, 25-28 April 1995,
Omahenene, Namibia. Patancheru 502 324, Andhra Pradesh,
India: International Crops Research Institute for the Semi-
Arid Tropics. 32 pp.

Cultivars developed but never used by farmers represent a
considerable waste of resources. Involving farmers and any
other potential end-users in the process of cultivar
development is the most effective way of ensuring that they
are acceptable and widely adopted. This book, compiled

from the discussions generated at a workshop on farmer
participation in sorghum and pearl millet breeding, reviews
the need for farmer participation in breeding programs and
discusses the important contributions they can make. It then
identifies phases during cultivar development when farmers
inputs are crucial, and some ways such input can be realized.

Klein, Ulrich, Bala Ravi S, Dayakar Rao B and Yoganand B.
2000. Industrial utilization of sorghum in India. Working
Paper Series no. 4. PO Box 776, Bulawayo, Zimbabwe:
Socioeconomics and Policy Program, International Crops
Research Institute for the Semi-Arid Tropics. 44 pp.

Patterns of human consumption of sorghum are well-
documented. Much less is known about the industrial
utilization of the crop, and the market opportunities this
presents for poor sorghum producers. The study documents
the emerging patterns of industrial utilization and provides
evidence that between 10-40% of rainy-season sorghum is
used for nonfood uses. Postrainy-season sorghum is solely
grown for food, as it is not price-competitive as an industrial
raw material. The main utilization sectors are poultry feed
(approximately 0.5 million t annum™); dairy feed (approximately
0.2 million t annum™); and grain alcohol (approximately 0.1
million t annum'1). In the most important sector, poultry feed,
sorghum use is related to the price of competing cereals,
particularly maize. Sorghum is used when prices are 20-
30% lower than those of maize. With the demand for poultry
feed estimated to be growing by 15% annum™, and with
limited opportunities for increased maize production, the
demand for sorghum is likely to strengthen. However, the
impact of trade liberalization and particularly of maize
imports will have to be considered. In the past, institutional
arrangements linking the key utilization industries and
related public-sector research have been weak. Improving
these linkages through public-private sector partnerships
would help to further support private-sector market
development for a commodity produced by some of India's
poorest farmers.

Ramasamy C, Bantilan MCS, Elangovan S and Asokan M.
2000. Improved cultivars of pearl millet in Tamil Nadu:
adoption, impact, and returns to research investment. (In En.
Summaries in En, Fr.) Impact Series no. 7. Patancheru 502 324,
Andhra Pradesh, India: International Crops Research Institute
for the Semi-Arid Tropics. 64 pp. ISBN 92-9066-417-7.
HDC $32.00, LDC $12.00, India Rs 460.

Improved cultivars of pearl millet have been widely adopted
in Tamil Nadu, India, where both public and private sectors
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play a significant role in making them available to farmers.
The early breakthroughs in pearl millet breeding made by
ICRISAT provided a strong base for further research. Farmers
prefer improved cultivars because of their high yield, good
grain size, pest and disease tolerance, and short duration.
Research investment in pearl millet breeding has a high payoff.

Most of the extra grain production resulting from adoption
of improved cultivars goes to the animal feed industry.
Consumption of pearl millet has sharply declined in Tamil
Nadu. Analysis of farm-level efficiency of pearl millet
production shows some degree of inefficiency and that
strengthening extension education in the precise application
of inputs is important.

Reddy Belum VS, Ceballos H and Ortiz R. (eds.) 2000. A
research and network strategy for sustainable sorghum and
pearl millet production systems for Latin America:
proceedings of the workshop, 24-26 Nov 1998, Villavi-
cencio, Meta, Colombia. Patancheru 502 324, Andhra
Pradesh, India: International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT), and Cali, Colombia: Centro
Internacional de Agriculture Tropical (CIAT). 86 pp. ISBN
92-9066-413-4. Order code: CPE 125. HDC $28.00, LDC
$12.00, India Rs 380.00.

During the reported workshop 28 scientists from Colombia,
Brazil, Venezuela, and Honduras were joined by ICRISAT
and Centro Internacional de Agriculture Tropical (CIAT)
staff. The workshop reviewed research work carried out
during a project funded by the Inter-American Development
Bank (IDB). Project milestones, methodology adapted, and
progress made to achieve the milestones; network trials
results, and the status of sorghum and pearl millet research in
the region were all reviewed. The workshop also identified
bottlenecks in returning data, formulated methods for trials
and seed distribution, identified coordinators for each
country, and outlined thrusts for further research. These
thrusts include: extending the research to fertile and drought-
prone areas, in addition to acid savanna soils; enhancing
research on pearl millet to 30% (and reducing sorghum to
70%) from the present 10%; nutrient uptake efficiency
(sorghum); and use of pearl millet as a soil organic content
enricher. The publication contains presentations made at the
meeting and a summary of its recommendations. It thus
provides an overview of the current status of research and
discusses the problems and prospects for sorghum and pearl
millet production in the region.

Rohrbach D, Mupanda K and Seleka T. 2000. Commer-
cialization of sorghum milling in Botswana: trends and
prospects. Working Paper Series no. 6. PO Box 776, Bulawayo,
Zimbabwe: Socioeconomics and Policy Program, International
Crops Research Institute for the Semi-Arid Tropics. 24 pp.
Order code: WPS #6.
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Commercial sorghum processing in Botswana has grown
rapidly during the past decade. The number of sorghum
millers has increased four-fold, and sorghum meal has become
competitive with maize in urban and rural food markets. In
early 1999, ICRISAT conducted a study of the factors
underlying this growth, and the prospects for further market
expansion. The study showed that growth was driven largely
by four factors: the traditional consumer preference for
sorghum meal; strong financial support to millers from the
government; the availability of reliable, high-quality supplies
of grain; and effective promotion of processing technology
by a parastatal agency. However, development of the milling
industry had little impact on domestic sorghum production.
Productivity in Botswana remains too low for the crop to
complete with South African imports, and only 2% of the
industry's grain purchases are grown domestically.

Key issues likely to affect future expansion include: the
identification of alternative sources of grain supplies (e.g.,
from Zimbabwe); improvements in product promotion, market
intelligence, and product differentiation (e.g., targeting
distinct products for breakfast porridge vs stiff porridge);
and the prospects for industry consolidation into a few larger
millers. While the Botswana case is not specifically replicable
in neighboring countries, the stimulus created by linking
technology, finance, and raw material supply offers important
lessons for the development of commercial crop processing
throughout southern Africa.

Yapi AM, Kergna AO, Debrah SK, Sidibe A and Sanogo O.
2000. Analysis of the economic impact of sorghum and
millet research in Mali. (In En. Summaries in En, Fr.) Impact
Series no. 8. Patancheru 502 324, Andhra Pradesh, India:
International Crops Research Institute for the Semi-Arid
Tropics. 60 pp. ISBN 92-9066-419-3. Order code: ISE 008.
HDC $32.00, LDC $12.00, India Rs 460.00.

Sorghum [Sorghum bicolor (L.) Moench] and pearl millet
[Pennisetum glaucum (L.)] R. Br.] are very important to the
economy and people of Mali. But, their productivity is low
due to traditional, low-input production practices. The
Institut d'Economie Rurale (IER) after Mali's independence
began to seek ways of improving the productivity of food
crops in collaboration with regional and international
agricultural research institutes. A number of improved seed-
based sorghum and millet technologies have since been
developed and diffused. They were developed via two
approaches: 1. Selection within local germplasm, which
consisted of collecting, testing, purifying, and supplying
fanners with readily available materials (Generation 1) and
2. Plant breeding which consisted of crossing with exotic
germplasm, and pedigree selection (Generation 2). This
study evaluates the returns to sorghum and pearl millet
research investments in Mali by combining farm-level
survey information from 1990 to 1995 with that from



research and extension in an economic surplus framework.
The results indicate that by 1995, 30% of the sorghum and
37% of the pearl millet growing areas were sown to
improved varieties. The estimated benefits from research and
extension efforts range from US$ 16 million (for sorghum) to
US$ 25 million (for pearl millet). These represent internal
rates of returns of 69% and 50%. A disaggregated analysis
indicates higher yield gains and higher returns from
Generation 2 materials than from Generation 1 materials for
both crops. Unit costs were much lower for Generation 2
materials. The major constraints cited by farmers as limiting
their ability to adopt that improved materials include lack of
information, lack of improved seeds, and low soil fertility.
The study concludes that the breeding philosophy should be
diversified to respond to the need ofthe changing socioeconomic
environment that is related to the recent devaluation of the CFA
Franc. It also recommends that efforts be made to improve
the economic farming environment to enable farmers to
adopt the more productive agricultural technologies necessary
for rural poverty alleviation and improvement in national
food security.

Akintayo | and Sedgo J. (eds.) 2001. Towards sustainable
sorghum production, utilization, and commercialization in
West and Central Africa: proceedings of a Technical
Workshop of the West and Central Africa Sorghum Research
Network, 19-22 April, 1999, Lome, Togo. Bamako, BP 320,
Mali: West and Central Africa Sorghum Research Network;
and Patancheru 502 324, Andhra Pradesh, India: International
Crops Research Institute for the Semi-Arid Tropics. 320 pp.
ISBN 92-9066-433-9. Order code: CEP 131. HDC $30.00,
LDC $13.00, India Rs 400.00.

Delegates from the national agricultural research systems of
Benin, Burkina Faso, Cameroon, Central African Republic,
Chad, Coéte d'lvoire, The Gambia, Ghana, Mali, Mauritania,
Niger, Nigeria, Senegal, and Togo attended this technical
workshop. Participants also included representatives of
Comite inter-etats de lutte contre la secheresse au Sahel
(CILSS), Centre de coopeeration internationale en rechereche
agronomique pour le developpement (CIRAD), ICRISAT,
International Fertilizer Development Center (IFDC-Africa),
USAID Collaborative Research Support Program on Sorghum
and Pearl Millet (INTSORMIL), West and Central Africa
Millet Research Network (ROCAFREMI), and the United
Nations Economic Commission for Africa (UNECA), together
with representatives of non-governmental organizations and
the private sector.

The main objectives of the workshop were to review
network activities, give an opportunity to sorghum researchers
and their partners to exchange views and information, and
plan future activities. Sorghum production and utilization,
networks and food self-sufficiency, partnerships and technology
exchange, and impact evaluation were discussed during the

technical sessions. Presentations are printed in the original
language of submission. The Preface and a brief report of the
workshop, including its recommendations, are in English.

Hall AJ, Clark N, Sulaiman V, Rasheed, Sivamohan MV S
and Yoganand B. 2001. Coping with new policy agendas for
agricultural research: the role of institutional innovations.
NCAP Policy Brief 13. New Delhi, India: National Centre
for Agricultural Economics and Policy Research (NCAP),
Indian Council of Agricultural Research (ICAR). 4 pp.

Over the last four decades the policy agenda of agricultural
research has evolved significantly from an initial focus on
increasing food production to concerns for the environment,
povery and stakeholder participation. Not only has the
poverty focus become more explicit, but also the concept of
poverty has expanded beyond earlier notions relating to
supplies of food, to encompass wider livelihood concerns.
As a result, both national and international agricultural
research systems around the world are finding their output
and contribution to welfare under increasing scrutiny. All too
frequently agricultural research systems are struggling to
accomplish new and complex tasks within the confines of
institutional structures and mandates designed decades
previously for a much simpler agenda. India is no exception
to this global trend. To understand the challenges that this
presents, it is useful to reflect on the way these agendas and
institutional set ups have emerged and evolved. The global
perspective provides useful lessons for India's agricultural
research system. Of particular importance are new policy
analysis approaches that recognize that institutional
innovations are not only central to the development of more
efficient research systems, but also that such developments
underpin the wider process of technical and economic
change. This issue of the NCAP Policy Brief Series presents
food for thought for agricultural researchers world-wide, not
just those in India, as they tackle the challenges ahead.

ICRISAT. 2001. Farmer participatory testing of techno-
logies to increase sorghum and millet production in the
Sahel. Progress Report 2000-2001 and Annual Work Plans
and Budgets 2001-2002. Bamako, Mali: International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT).
(Semi-formal publication, limited distribution).

Submitted to the International Fund for Agricultural
Development (IFAD), Rome, Italy, this progress report highlighs
achievements in the West African countries of Burkina Faso,
Ghana, Mali, Niger, and Nigeria. It also covers training, work by
visiting scientists, exchange visits, public awareness, and lists
10 publications by the project and its scientists. Well written
and lavishly illustrated, it should prove useful to many
scientists and extensionists, particularly those concerned with
seed production and farmer participation in productivity
trials.
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Rohrbach DD and Kiriwaggulu JAB. 2001. Commer-
cialization prospects of sorghum and pearl millet in Tanzania.
Working Paper Series no. 7. PO Box 776, Bulawayo,
Zimbabwe: Socioeconomics and Policy Program, International
Crops Research Institute for the Semi-Arid Tropics. 28 pp.

Tanzania produces over 500,000 t of sorghum and 200,000 t
of pearl millet every year, but virtually all this production is
subsistence-oriented. The lack of a commercial market has
limited farmer interest in improving crop management, and
average sorghum and pearl millet yields have changed little
over the past 15 years. This report analyzes the prospects for
expanding the use of sorghum in the opaque beer brewing
industry. A target of 75% substitution over the next 5 years
would create an annual demand for 1800 t of high-quality
white sorghum. According to industry representatives, the
main constraint limiting the use of sorghum and pearl millet
in animal feeds is the relative grain price. If sorghum were
available at competitive prices, 5 years from now it could
account for at least 5% of the grain used by the industry, i.e.,
5,000 t annum™.

The potential size of the market for milled sorghum and
pearl millet meal is difficult to estimate, because of uncertainty
about the strength of consumer preferences for alternative
grains. Nonetheless, if the milling industry set a target of
replacing only 5% of the maize meal sold in Dar es Salaam
with sorghum meal, it could generate an annual demand for
over 20,000 t of grain.

The prospects for pearl millet are less favorable given its
generally higher price and lower yields and labor productivity.
However, there may be a small market niche for pearl millet
based meals, particularly in communities drawn from pearl
millet production zones. The milling industry could test this
market with an initial throughput of 500 to 1,000 t of pearl
millet grain annum™.

Wambugu FM. 2001. Modifying Africa: how biotechnology
can benefit the poor and hungry, a case study from Kenya.
Nairobi, Kenya, pp. 76. ISBN 9966-879-38-2. Cost $25.00.

Forall concerned with rural development, there are tremendous
lessons in this book. A book that will change minds.
Biotechnologists have been their own worst enemies when it
comes to public relations. The little press coverage
biotechnology has had in Afirca has been mainly from a
'Green' or European perspective. Florence Wambugu
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articulates a refreshingly different version, one that sweeps
away the misconceptions that surround this much-maligned
science to reveal its true value. She has done a magnificient
job for Kenya and for Africa.

Bashir M, Ahmad Z and Murata N. 2000. Seed-borne
viruses: detection, identification and control. Islamabad,
Pakistan: Pakistan Agricultural Research Council, National
Agricultural Research Centre (NARC). ISBN 969-09-129-2.
Rs 200.00.

An estimated 90% of all food crops are attacked by
devastating seed-borne pathogens. The transfer of genetic
stock on a global scale, either for utilization or for
conservation, involves possible risks of widespread
distribution of seed-borne viruses. Seed-borne viruses,
which are often symptomless, can pose a severe threat to
modern agriculture. In order to minimize such risks,
knowledge about detection, identification, indexing, and
mechanism of seed transmission of seed-borne viruses, as
well as strategies to control these, are required to ensure that
imported as well as locally produced seeds are free of such
pathogens. Recent increases in germplasm exchange and
advances in biotechnology have created a pressing need for
an overview of existing knowledge about various aspects of
seed-borne viruses.

This is the first book on seed-borne viruses in Pakistan. It
was jointly Pakistani  scientists
(Muhammad Bashir and Zahoor Ahmad) and one from Japan
(Nobuto Murata), and contains information on all aspects

produced by two

related to seed-borne viruses. The book has seven chapters
covering characteristics of seed-borned viruses, mechanisms
of seed transmission, seed health testing, serology in virus
detection, quarantine and genetic resources, viruses of
quarantine significance, and control of seed-borne viruses.
Geographical distribution and seed transmission percentage
are provided for more than 300 seed-borne viruses. Twenty-
six seed-borne viruses of quarantine significance are
described and, along with their symptoms, are presented in
fourteen color plates. Serological techniques for detecting
viruses directly from seed are illustrated and 262 references
are listed. This is the first book on seed-borne viruses in
Pakistan.

Send your order to: Muhammad Bashir, Crop Sciences
Institute, National Agricultural Research Centre, Islamabad,
Pakistan; email: bashir@drmb.isb.sdnpk.org.
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