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Summary

Pearl millet [Pennisetum glaucum (L.) R. Br] provides a
staple, primary caloric source to millions of people in semi-
arid tropical areas of Africa and Asia, a high quality temporary
grazing crop in livestock production in the U.S. and Australia,
and a widely grown cover crop in Brazil. The characteristics
of the crop have encouraged its development for use as grain
crop in certain settings in the U.S.

Despite being a hardy crop for stressful production ar-
eas, yield and stability of grain, stover, and forage are vulner-
able to a number of biotic and abiotic stresses. Diseases and
pests can be significant production constraints and signifi-
cant effort is directed toward identifying resistance sources.
Primary biotic constraints in West Africa include downy mil-
dew (Sclerospora graminicola (Sacc.) Schroet.), Striga
(Striga hermonthica Benth.), and head miner (Heliocheilus
albipunctella (de Joannis)). Constraints in the U.S. include
rust (Puccinia substriata var. indica), pyricularia leaf blight
(Pyricularia grisea / Magnoporthe grisea), root knot nema-
todes (Meloidogyne arenaria and M. incognita), and chinch
bug (Blissus leucopterus leucopterus). Drought is the pri-
mary abiotic stress common to all production environments.

The goals of this project are to improve the productivity,
yield stability, and pest resistance of pearl millet cultivars,
and to transfer the technology to the market. Achieving these
goals throughout Africa or in the U.S. require 1) identifying
constraints limiting production or utilization within and across
environments, 2) acquiring and evaluating new germplasm for
desirable characteristics, 3) crossing selected germplasm with
regionally adapted breeding lines or cultivars, and evaluating
and selecting improved progeny as potential new cultivars, and
4) working with partners and stakeholders to transfer the prod-
ucts of research to the marketplace.

Objectives, Production and Utilization Constraints
Obijectives

»  Broaden diversity of pearl millet germplasm available to
breeders and researchers.

» ldentify sources of disease and pest resistance for pearl
millet improvement

» ldentify genetic characteristics associated with desirable
pearl millet grain quality, and biotic and abiotic influences
on grain quality.
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» Develop and release pearl millet with resistance to mul-
tiple diseases, high yield, and superior quality.

Production and Utilization Constraints

» Developing the commercial potential of pearl millet re-
quires an understanding of the needs of potential mar-
kets, identifying specific markets in which pearl millet
has a competitive advantage, and providing a consistent
product that meets market standards.

»  Constraints to producing high-quality grain include both
abiotic and biotic constraints. The impact of pearl millet
genotype, diseases, and environmental constraints, and
grain quality standards for pearl millet are poorly defined.
Quality represents the combination of several factors,
such as grain shape, color, and size, endosperm hardness,
proximate composition, and the presence of grain molds,
mycotoxins, and insects.

Research Approach and Project Output

Genotype and Environmental Effects on Pearl Millet
Yield

Research Methods

Collaborative, multi-locational trails throughout West
Africa are being used for characterizing germplasm with de-
sirable agronomic characteristics and superior resistance to
pests and diseases. Multi-location evaluation of genotype x
environment interactions affecting grain quality are needed
to identify genotypes with inherently superior grain yield and
quality, and the relative importance of diseases and other con-
straints on yield and quality. These studies were designed in
part to define more clearly grain characteristics among geno-
types, and the stability of expression over a range of produc-
tion environments. This study will help to identify character-
istics that contribute directly or indirectly to stability of grain
yield and quality.

Forty pearl millet germplasms selected by colleagues on
the basis of their high grain quality, their fertility restoration
for specific cytoplasms, resistance to diseases or pests, ag-
ronomic traits, or commercial usefulness were distributed to
collaborators in Kamboinse, Burkina Faso; Manga, Ghana;
Cinzana, Mali; Bengou, Niger; Maiduguri, Nigeria; Bambey,
Senegal; and Longe, Zambia for multi-location evaluation of
stability of grain yield. Descriptor data recorded included
days to flowering, height, panicle dimensions, downy mildew,
smut, and head miner incidence, zonate leaf spot severity,
striga infestation, and yield. An additional trial was conducted
in Kwa Zulu Natal, South Africa to characterize rust resis-
tance to the indigenous rust (Puccinia substriata var. indica)
population.
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Research Findings

Data collected represents year two of a two-year study.
The germplasm varied for several characteristics (Table 1).
ICMV IS 90311 had the lowest incidence of downy mildew
and Tifgrain 102 was the most susceptible. Minor variation
for zonate leaf spot was observed at Ghana, with early variet-
ies GB 8735, 68A x 086R, and 01MisoNCD2-NE having the
greatest severity. Smut incidence was high at Ghana, with in-
cidence up to 65.5% on Tift 99B. Head miner was only found
on a few entries, with up to 65.5% incidence on Tift 99B.
Grain yield was lowest for the A, restorer 99-72, and greatest
for Gwagwa.

Grain yield was correlated with days to flowering
(R?=0.400, P=0.01), plant height (R?=0.774, P<0.001), and
panicle length (R?=0.374, P=0.0176). Grain yield was nega-
tively correlated with downy mildew incidence (R?=-0.616,
P<0.001), zonate leaf spot severity (R?=-0.518, P=0.006),
smut incidence (R?=-0.575, P<0.0001), and head miner inci-
dence (R?=-0.426, P=0.0061)

Twenty pearl millets from West Africa (Zatib, Zongo,
HKP-GMS, CIVT, SoSat C-88, Taram, SoSank, ICMV IS
89305, ICMV 1S 90311, NKO x TC1, Guefoue, Indiana 05,
NKK, Manga Nara, Arrow, PT 732B, P1449-2, Gwagwa, LCIC
9702, GB 8735) and 8 varieties from the Southern Africa re-
gion (Bontle, Okashana white, SALR early, SALR photosen,
PMV2, P71, 842B, NUP 21 SA gold) were evaluated for rust
resistance in a screenhouse trial at Pietermaritzburg, South
Africa. All varieties were susceptible to rust. Severities on
January 13, 2005 ranged from 35% for the late-maturing va-
rieties NKO x TC1 and Guefoue, to 83% for early maturing
GB 8735. Some variation in infection suggests that resistance
is heterogeneous within these varieties. Two selections from
the U.S. (01-964 and 02-281) were resistant.

Root-Knot Nematode Resistance in Pearl Millets from
West and East Africa

Research Methods

Resistance to Meloidogyne incognita is important to pro-
vide stability to pearl millet production and to reduce nema-
tode populations that can damage crops grown in rotation with
pearl millet. Meloidogyne spp. are the most economically
important plant-parasitic nematodes in the southern United
States as well as in West Africa, with M. incognita being the
dominant species in both regions The objectives of this study
were to determine if resistance to M. incognita exists in pearl
millets from West and East Africa, and to determine if het-
erogeneity for resistance exists within selected varieties. Re-
sistance was assessed as nematode egg production/g root in
greenhouse trials. Seventeen pearl millets of diverse origin
were evaluated as bulk (S)) populations. Thirty selfed (S,)
progeny selections from SoSat-C88, Gwagwa, Zongo, and
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Table 1. Agronomic characteristics and disease and pest resistance of diverse pearl millet varieties
grown in Burkina Faso, Ghana, Mali, Niger, Nigeria, Senegal, and Zambia in 2004.
Entry Flowering Height Panicle Panicle Downy Zonate Smut Head miner
(days to 50%) (cm) length diameter mildew Leaf spot incidence incidence
(cm) (cm) incidence (%)
Gwagwa 60.6 213.9 24.1 2.4 4.9 2.0 12.6 0.0
NKK 69.4 263.2 40.2 2.5 11.5 1.8 259 0.0
GB 8735 47.2 159.6 20.0 2.5 28.8 4.5 14.2 12.8
SoSat C-88 56.4 200.3 26.9 2.9 6.0 1.5 14.5 0.0
SoSank 58.6 188.6 24.4 3.0 5.7 2.0 19.4 0.0
ICMV IS 89305 59.6 220.9 48.4 2.1 54 2.0 21.1 0.0
Taram 58.7 217.5 63.1 2.5 6.3 1.8 22.8 0.0
NKO x TC1 76.5 245.0 34.6 2.2 8.2 1.5 17.6 6.8
Kapielga (Burkina local) 68.1 267.3 26.5 2.2 9.6 1.5 9.4 0.0
Arrow 52.4 217.6 329 2.0 15.4 2.0 14.7 0.0
Indiana 05 78.9 257.4 42.6 2.6 9.4 1.3 9.4 0.0
ICMV IS 90311 59.5 204.0 37.1 2.2 34 2.8 19.6 0.7
CIVT 55.9 205.7 49.7 2.0 6.1 1.5 16.4 0.0
HKP (GMS) 56.8 210.3 50.5 1.9 9.8 2.0 18.8 1.1
Synthetic 1-2000 73.1 240.5 35.0 2.7 4.0 1.3 16.5 0.0
Toronio (Mali local) 66.7 249.4 343 2.3 14.8 1.8 19.3 0.0
P1449-2 59.5 172.5 28.3 2.2 10.8 2.8 35.4 16.7
Manga Nara 49.6 176.3 20.0 2.7 29.4 33 233 7.4
Zatib 58.7 220.6 48.0 2.5 5.6 3.0 24.8 0.0
Guefoue 16 76.6 261.8 353 2.1 7.0 1.3 7.4 1.9
Zongo 62.8 247.0 70.2 2.4 10.7 33 32.7 0.0
LCIC 9702 55.4 165.4 25.0 2.7 12.9 2.5 18.8 0.0
IBMV8401Mx68A4R4w 46.7 121.6 30.9 2.3 15.5 3.0 25.1 4.2
Tongo Yellow 51.6 197.7 22.7 2.8 17.2 3.0 29.2 0.0
Sadore (Niger) local 66.2 235.1 54.2 2.3 13.8 2.3 23.6 0.0
PT732B 60.8 130.1 21.8 2.0 43.4 2.5 83.4 0.0
3/4 HK 59.5 134.0 45.1 2.1 15.0 2.5 67.2 0.0
DMR 15 62.6 165.3 23.4 2.5 16.4 2.0 50.2 0.0
DMR 72 62.5 194.0 30.1 2.2 8.1 1.8 36.2 0.0
3/4 Souna 57.6 118.8 38.0 2.1 12.5 3.5 26.4 0.0
3/4 ExBornu 55.6 111.6 38.8 2.1 22.7 2.8 41.0 0.0
Bongo short head 51.1 150.1 13.0 32 222 3.5 28.0 0.0
68A x 086R 41.8 102.1 21.7 2.0 42.8 4.5 8.4 16.3
DMR 68 58.9 196.0 28.2 2.3 18.4 2.8 58.2 0.0
TG102 42.5 93.0 28.0 2.1 49.3 3.0 30.3 1.9
99M59043Mw x
68A4R4 44.5 90.9 20.9 2.3 30.4 3.8 18.6 1.3
T454 50.3 115.6 27.4 2.0 46.1 2.8 26.8 0.0
01Miso NCD2-NE 49.8 100.1 31.4 1.9 31.8 4.5 30.5 0.0
T99B 51.0 74.2 20.6 2.0 47.8 33 65.5 65.5
99-72 56.6 125.8 18.7 33 17.9 33 57.2 43.8
Isd (P=0.05) 34 18.0 43 0.1 11.9
Burkina Faso 151.3 31.7 2.1 . . .
Ghana . 193.2 334 32.7 2.5 28.0 4.5
Mali 50.6 194.0 34.0 . 16.5
Niger 67.7 167.2 36.1 2.6 5.8
Nigeria 66.5 154.9 34.0 . 31.8
Senegal 55.7 200.5 37.1 2.3 7.3
Zambia 66.9 217.2 31.0 . . . . .
Isd (P=0.05) 1.3 8.3 1.9 0.1 5.2 1.3 32.7 2.0

P3Kaollo were evaluated for heterogeneity of resistance within
variety. Reactions were verified in 13 S, progeny of each of
the four varieties.

Research Findings

All African varieties expressed some level of resistance.
P3Kollo was among the least resistant of the African variet-
ies, Zongo and Gwagwa were intermediate, and SoSat-C88 was
among the most resistant. In S, evaluations, each of these
varieties was heterogeneous for resistance. Progeny reac-

tion varied from highly resistant to highly susceptible. Pat-
terns of apparent segregation of resistance varied among the
four varieties. Discreet resistant and susceptible phenotypes
were identified in Zongo progeny, and it was estimated that
two dominant genes for resistance segregated in this variety.
Averaged across progenies, egg production on the four variet-
ies was less (P < 0.001) than on the susceptible hybrid HGM-
100, but was not different from resistant hybrid TifGrain 102.
Reproduction of M. incognita on the S, progeny tended to
confirm the results from inoculations of S, progeny. Herita-
bility of nematode reproduction (standardized as the ratio of
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the value to HGM-100) determined by parent-offspring re-
gression was 0.54. Realized heritability determined by diver-
gent selection was 0.87.

Assessment of Genetic Diversity among Pearl Millet
Populations using SSR and EST Markers and
Relationship with Resistance to Striga

Research Methods

Wild pearl millets (P. glaucum subsp. monodii) from sub-
Saharan Africa have been identified as potential sources of
resistance to the hemi-parasitic weed, Striga hermonthica.
Eighty wild accessions, nine U.S inbreds and seven African
open-pollinated varieties were evaluated with 35 SSR prim-
ers and 60 EST primers to identify genetic diversity and iden-
tify polymorphic markers that would be useful for facilitating
transfer of resistance.

Genomic DNA was extracted from two-three week old
seedling leaf tissue. PCR fragments of EST primers were sub-
jected to digestion with Himf 1 enzyme and fractionated on
12% polyacrylamide on a Hoefer vertical-gel apparatus
(SE600). PCR fragments of SSR primers were evaluated for
polymorphisms on 3% ultra pure agarose1000 gels. Gels were
stained in ethidium bromide and photographed under the Fluor
S multi imager (Bio-Rad). PCR fragments were scored for
presence or absence of DNA fragments in each genotype.
Dendograms were constructed with the Numerical Taxonomy
Multivariate Analysis System 2.1, which discriminated all pearl
millet accessions and grouped them in distinct clusters. Clus-
ter analysis was conducted with the unweighted pair-group
method using the arithmetic average. PCR fragments were
analyzed using DICE coefficient, with SHAN module for clus-
ter analysis. Level of genetic diversity within and between
populations (F-statistics and genetic distance) was calculated
with Pop Gene 32 software.

Research Findings

Out of sixty EST primers tested, 30 produced scorable
and reproducible fragments. Out of 35 SSR primers, 33 primer
pairs gave amplification products in most of the accessions.
Twenty-eight marker loci were polymorphic out of 33 ampli-
fied primers. In total, 96 putative alleles were observed. A
dendrogram constructed using the combined data of SSR and
EST data resulted in 23 clusters at 85% similarity coefficient.
The seven West African varieties were grouped in one cluster,
whereas the U.S. accessions were clustered in two groups.
The wild accessions were grouped independently from the U.S.
and African cultivated varieties. Resistant accessions PS 202,
PS 637, PS 639 and PS 727 showed consistently low Striga
emergence across multilocation trials and tended to be lo-
cated in different clusters, suggesting they may possess dif-
ferent resistances to Striga.
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Statistics of genetic diversity within and between acces-
sions were calculated for the sample of 96 accessions using
EST and SSR primer data separately. Maximum genetic diver-
sity values of 0.263 with EST and 0.295 with SSR primer data
were found between wild accessions and U.S. varieties. Wild
accessions and African landraces were genetically less diverse
with minimum genetic diversity value 0.1862 with EST and
0.1882 with SSR data. Comparisons between the three sub-
sets of this population highlighted that African open-pollinated
accessions were genetically less divergent from the wild ac-
cessions than were the U.S. accessions.

Expression and Segregation of Stay-Green in Pearl
Millet

Research Methods

Drought stress occurring from flowering through grain
fill results in low and unstable yield of pearl millet. Delayed
senescence, or “stay-green” is a mechanism of drought toler-
ance characterized by the retention of green leaf area at crop
maturity under water-stressed environments. Based upon in-
formation from the sorghum model, the stay-green trait should
have multiple benefits in pearl millet improvement. The ob-
jectives of these experiments were to 1) quantitatively com-
pare the chlorophyll content of a putative stay-green and nor-
mal senescent pearl millet over time, and 2) obtain prelimi-
nary information on the inheritance of the stay-green through
segregation in an F, population.

Pearl millets developed by the USDA-ARS were evalu-
ated in the field at Tifton, GA in 2004. 02F266-4 is a putative
stay-green inbred, resistant or tolerant to prevalent diseases,
insect pests and drought in the southeastern U.S. 02F266-4
was crossed with a normal senescent, agronomically elite line
Tift 454, which is an A, restorer for hybrid production. F, and
F, progenies were produced from crosses between the two
parents.

Relative chlorophyll content of 02F266-4, Tift 454 and
their F, were compared. At stigma emergence, relative chlo-
rophyll content was measured on the top three leaves (with
flag leaf taken as leaf 1) of four marked plants per plot from
the main tiller with a SPAD 502 Chlorophyll Meter. Data were
collected at 7 d intervals for a total of 5 ratings. Segregation
of the stay-green trait was assessed in 02F266-4, Tift 454,
and their F, and F, progenies. During early vegetative growth,
236 Fs, 19 F s, 29 plants of Tift 454 and 10 plants of 02F266-
4 were marked at random and monitored for panicle emer-
gence. Using the SPAD 502 Chlorophyll Meter, relative chlo-
rophyll measurements were taken on the second uppermost
leaf of the main tiller. A stay-green value which reflected the
magnitude and duration of the relative chlorophyll content was
calculated for each plant by the trapezoidal method.
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Figure 1. Changes in chlorophyll content, as measured by SPAD
ratings, in pearl millet genotypes Tift 454, 02F266-4,
and their F;. First reading was taken at stigma
emergence. Leaf 1 = flag leaf, Tift 454 = senescent
type, 02F266-4 = stay-green type.
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Research Findings

Minor differences in SPAD ratings among genotypes were
observed at stigma emergence, but over time, the top three
leaves of 02F266-4 and the F, maintained greater levels of
chlorophyll than Tift 454 (Figure 1). SPAD ratings of 02F266-
4 were similar to that of the F, but greater (P < 0.05) than that
of Tift 454 in weeks one and two. In weeks three and four,
SPAD rating of the F, was greater (P < 0.05) than that of
02F266-4, and ratings of both genotypes were greater (P <

0.05) than that of Tift 454 (Figure 1). The data indicate a level
of dominance or over-dominance in the expression of rela-
tive chlorophyll content in the F..

Stay-green mean (+ standard error) of Tift 454 (1548 +
237) was less than (P<0.001) the means of 02F266-4 (2001
+ 196), the F, (2104 + 113), and the F, (1917 + 227). Stay-
green mean of 02F266-4 did not differ (P>0.05) from that of
the F, or F,, but the F, and F, means differed (P<0.001). Al-
though not statistically different, the numerically greater stay-
green value for the F, suggested overdominance, with degree
of dominance = 1.46. Stay-green in the F, population was
skewed toward normal senescent types, which may reflect a
segregation of homozygous recessive plants with lower stay-
green values.

Use of the SPAD meter to measure relative chlorophyll
content provided a quantitative assessment of the stay-green
trait. The data confirmed previous observations that 02F266-
4 expressed stay-green characteristics. Any of the leaves evalu-
ated were suitable for measurements, but expression was great-
est in leaf 2. Whereas SPAD ratings indicated the magnitude
of the relative chlorophyll content at a point in time, a stay-
green value could be calculated as a measure of the magnitude
and retention of chlorophyll content over time for assessing
the distribution of the trait within populations.

Ethanol Production from Pearl Millet
Research Methods

To expand domestic market outlets for pearl millet grain,
four pearl millet genotypes were tested for their potential as
feedstocks for ethanol production and coproducts from the
fermentation process. Fermentation was performed both in
flasks on a rotary shaker and in a 5-L bioreactor by using Sac-
charomyces cerevisiae (ATCC 24860).

Research Findings

For rotary shaker fermentation, the final ethanol yields
ranged from 8.7% to 16.8% (v/v) at dry mass concentrations
of 20 to 35%, and the ethanol fermentation efficiencies were
between 90.0 and 95.6%. The ethanol fermentation efficiency
at 30% dry mass on a 5-L bioreactor reached 94.2%, which
was greater than that from fermentation in the rotary shaker
(92.9%). Results showed that fermentation efficiencies of
pearl millets, on a starch basis, were comparable to those of
corn and grain sorghum. Because pearl millets have greater
protein and lipid contents, distiller’s dried grains with solubles
(DDGS) from pearl millet also had greater protein content
and energy levels than did DDGS from corn and grain sor-
ghum. Pearl millet should be an effective feedstock for etha-
nol production in the U.S.
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Networking Activities

As part of the effort to expand pearl millet production in
the U.S. PI presented information on “Grain Pearl Millet for
the Southeastern U.S.”, or “Pearl Millet Cooperative Market-
ing Opportunities” at the following meetings:

Coffee County Grain Pearl Millet Field Day, Douglas GA,
September 14, 2004

Workshop for Small, Beginning, and Limited Resource
Farmers. Fort Valley State University, Fort Valley, GA. No-
vember 4, 2004

Vidalia Onion Growers Committee, Vidalia, GA. Novem-
ber 17, 2004

Sustainable Agriculture and Conservation Tillage Confer-
ence, Perry, GA February 16, 2005

Federation of Southern Cooperatives Annual Farmers
Conference, Albany, GA February 18, 2005.

Grower training meetings in Sumter, Schley, and Marion
Counties (February 22, 2005), Terrell County (March 2,
2005), and Washington County ( April 5, 2005), Georgia.

Sunbelt Agricultural Expo, Moultrie, GA, July 12, 2005.
Sumter Country “Grain Pearl Millet Field Day”,
Plains, GA, July 13, 2005

Georgia Young Farmers Summer Conference, Augusta,
GA July 19, 2005

Coordinated with Sorghum and Millet Crop Germplasm
Advisory Committee to write “Pearl Millet” section of Sor-
ghum and Millet Vulnerability Statement. Statement outlined
status of crop vulnerability, needs, and pests of concern, and
was submitted by the committee to USDA-ARS for prioritiz-
ing food security issues. August 2004.

Collaborated with George Ewing, Compatible Technol-
ogy International, Golden Valley, MN, to evaluate small equip-
ment developed by CTI designed to hull and grind pearl millet
in a typical Africa village setting.

Research Investigator Exchanges

Traveled to South Africa (March 13-16, 2005), Zambia
(March 16-20, 2005), and Namibia (March 21-24, 2005) to
review current INTSORMIL research progress and prioritize
future collaborative research plans.

Hosted Simon Awala, Ministry of Agriculture, Water and

Forestry, Republic of Namibia for scientific research project
conducted at Tifton, GA from August 26 to October 25, 2004.
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Hosted visits with David Hoisington, ICRISAT Global
Theme Leader for Biotechnology. April 26, 2005, and Shankar
Poddotturi, Pioneer Hi-Bred International Sorghum and Pearl
Millet Project Coordinator and Breeder, July 12-13, 2005.

Publications and Presentations
Journal Articles and other Publications

Wilson, J.P., Hess, D.E., Hanna, W.W., Kumar, K.A., and Gupta,
S.C. 2004. Pennisetum glaucum subsp. monodii acces-
sions with striga resistance in West Africa. Crop Protec-
tion 23:865-870.

Wilson, J.P. and Devos, K.M. 2004. Linkage groups associ-
ated with partial rust resistance in pearl millet. International
Sorghum and Millets Newsletter 45:51-52.

Jurjevic, Z., Wilson, D.M., Wilson, J.P., Geiser, D.M., Juba,
J.H., Mubatanhema, W., Rains, G.C., and Widstrom, N. 2005.
Fusarium species of the Gibberella fujikuroi complex and
fumonisin contamination of pearl millet and corn in Geor-
gia, USA. Mycopathologia 159:401-406.

Books, Book Chapters, and Proceedings

Dahlberg, J., Wilson, J.P., and Snyder, T. 2004. Sorghum and
pearl millet-health foods and industrial products in developed
countries. Pgs. 42-59 in: Alternative Uses of Sorghum and
Pearl Millet in Asia. International Crops Research Institute
for the Semi-Arid Tropics. Patancheru 502 324, Andhra
Pradesh, India: 364 pp. ISBN 92- 9066-471-1.
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Breeding Grain Mold Resistance in
High Digestibility Sorghum Varieties

Project TAM 230
Dirk B. Hays
Texas A&M University

Principal Investigator

Dr. Dirk B. Hays, Cereal Grain Development and Food Quality Genetics, Dept. of Soil and Crop Sciences, Texas

A&M University, College Station, TX 77843, USA.

Cooperators:

Dr. Ralph D. Waniska, Food Science and Technology, Texas A&M University, Dept. of Soil and Crop Sciences, College

Station, TX 77843-2474

Dr. Monica Menz, Director, Laboratory of Plant Genome Technology (LPGT), Texas A&M University, Dept. of Soil and

Crop Sciences, College Station, TX 77843-2474

Collaborating Scientists

Dr. Clint Magill, Dept. of Plant Pathology, Texas A&M University, College Station, TX 77845-8182

Dr. Gary C. Peterson, Texas Ag Experiment Station, Lubbock, TX 77843-2474

Dr. Louis K. Prom, USDA-REEE-ARS-SOA-SCR Lab CGR, College Station, TX 77845

Dr. Lloyd W. Rooney, Texas A&M University, Dept. of Soil and Crop Sciences, College Station, TX 77843-2474
Dr. William L. Rooney, Texas A&M University, Dept. of Soil and Crop Sciences, College Station, TX 77843-2474

Summary

Combine High Digestibility Sorghum with Grain Mold
Resistance

The goal of this proposal is to combine the improved nu-
tritional grain quality sorghum (i.e. high protein digestibility
HPD) with high levels of grain mold resistance. Project ob-
jectives are to evaluate advanced F, recombinant inbred lines
(RILS) derived from crosses between HPD parents and male
and female lines resistant to grain mold. Lines have been iden-
tified from three sets of RILs that carry both the HPD trait
and acceptable scores of grain mold resistance. A number of
the HPD lines express the floury endosperm phentoype com-
mon to the HPD parents. This trait is undesirable for some
end-use purposes. However, several lines from two sets of
RILs were identified that express a normal flinty/hard en-
dosperm phenotype.

Identify QTLs regulating grain mold resistance and high
grain protein digestibility

The three RIL populations derived from elite Texas male/
female parents by HPD parent crosses are of insufficient size
for mapping QTLs regulating grain mold resistance. Each set
is, however, of sufficient size for mapping the high digestibil-
ity trait. Thus, a new Fulbright Fellow graduate student from
Honduras will join this project in the fall of 2005 and will
focus on mapping the HPD trait and testing if the modified

HPD endosperm matrix improves starch digestibility and etha-
nol production.

Given these results new crosses between HPD parents
and grain mold resistant parents such as ‘Surefio’ have been
made. The F, progeny from these crosses have been collected
during the current growing season. A graduate student from
Mexico has been using an existing set of 150 RILs derived
from crosses between ‘Surefio’ and ‘RTx430’ to map loci regu-
lating resistance to grain mold. In this effort, our strategy has
been to score resistance to single-grain mold agents. As such,
individual plants for the entire set of RILs have been inocu-
lated with only Fusarium thapsinum or Curvularia lunata. The
entire RIL population is currently being phenotypically scored
for resistance to each pathogen. This data will be used to map
loci regulating grain mold resistance. It is our hypothesis that
this strategy will reveal that smaller discrete sets of QTLs
confer resistance to individual species of grain mold. As such,
the pyramiding of resistance loci from unique sources into a
single package for improved grain mold resistance will be-
come possible. A time course of tissue collection has been
collected for each RIL following infection with Fusarium
thapsinum and Curvularia lunata. This tissue will be used as
part of our objective to link the expression of key defense
genes with the inheritance of individual QTLs for grain mold
resistance.
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Test the physical and functional properties of highly di-
gestibility sorghums in food and feed products.

Each F, RIL scored to possess the HPD trait has been
planted in replicated plots at five locations throughout Texas.
Grain from each location will be evaluated for grain mold re-
sistance to determine if genotype-by-environment variation
exists in the HPD lines. The surplus grain collected from
these locations will be supplied to collaborators for chicken
feed quality analysis (in collaboration with Dr. J. Hancock
INTSORMIL project KSU 220B) and a characterization of the
potential gain of function that the HPD trait may provide for
food products (in collaborations with Dr. L. Rooney
INTSORMIL project TAM 226).

Objectives, Production and Utilization Constraints
Obijectives

» Evaluate the combinability of the high protein digestible
trait with grain mold resistance.

» ldentify QTLs regulating mold resistance and high grain
protein digestibility.

e Link QTLs controlling mold resistance to changes in the
expression of genes that contribute to mold resistance
for future utilization in genetically engineering improved
resistance to grain mold.

e Test the physical and functional properties of highly di-
gestibility sorghums in food and feed products.

Constraints

The development of new high yielding sorghum varieties
with improved nutritional quality is a key attribute needed to
increase the commercial utilization of sorghum. The HPD
trait that is also associated with high lysine content is one
such attribute that may spur increased utilization of sorghum.
However, for the HPD trait to be widely adopted lines must
be developed with hard endosperms for improved milling ca-
pacity and better food application potential; as well, the trait
must be incorporated into lines possessing grain mold resis-
tance. The overall goal of this project is to use molecular
techniques to facilitate the development of HPD varieties with
optimal endosperm characteristics and viable levels of grain
mold resistance.

Research Approach and Project Output

Evaluation of High Grain Digestibility trait in
advanced RIL populations

Three_F, RIL populations_developed by W. Rooney
(INTSORMIL project TAM-220C) were examined for the high
protein digestibility trait. Grain mold ratings were also deter-
mined for each line. The three populations consisted of 21 F5
RILs derived from a cross between the high digestibility line
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P850029 and Tx635; 37 F5 RILs derived from a cross be-
tween P850029 and Tx436; and 41 F5 RILs derived from a
cross between the HPD line P851171 and GCPO124. All
RILs, plus the parents for each population, were evaluated for
the high protein digestibility trait using the turbidity assay
developed by B. Hamaker (INTSORMIL project PRF-212).
Those individuals with protein digestibility scores near that
of the HPD parent were evaluated a second time using the
same turbidity assay. In the second analysis, 2 to 4 sister lines
from each line that appeared to carry the HPD trait were also
analyzed. Figures 1 and 2 highlight the lines that were scored
to possess the HPD trait (HPD parents and RILs are highlight
in black bars, low protein digestibility parents and RILs have
white bars). One to two lines from each population were iden-
tified as having the HPD trait. After confirming the presence
of the HPD trait, each HPD RIL, parents, and low digestibility
lines from each cross were planted in replicated plots at five
locations throughout Texas in conjunction with W. Rooney
(TAM 220C). Grain mold ratings and the HPD turbidity as-
say will be used to determine the genotype-by-environment
stability of the HPD trait as it relates to grain mold resis-
tance. The HPD lines identified are being further analyzed by
transmission electron microscopy to verify the presence of
the abnormal protein bodies.

Hard Vitreous Endosperm in HPD lines

The endosperm texture and microstructure of each RIL
that appeared to possess the HPD trait were analyzed by light
and scanning electron microscopy.  The HPD parent,
P851171, exhibits an opaque floury endosperm throughout
(Figure 3b). This phenotype was also found in some of the
HPD RILs such as11278-1 (Figure 3d). The parents such as
GCPOC124, used to derive the populations, have a hard en-
dosperm composed of a central opaque region surrounded by
a large vitreous portion (Figure 3a). This same phenotype
was found in RIL 11286-1 (Figure 3c). However, the vitreous
portion of the 11286-1 endosperm had a modified structure
when compared to either parent. The microstructure in this
HPD RIL, with a vitreous/flinty endosperm phenotype, had
densely packed polygonal starch granules lacking in the con-
tinuous protein matrix normally found (Figure 3c). The po-
lygonal starch granules are common to the vitreous endosperm
(Figure 3a), yet the lack of surrounding protein matrix is unique
to this HPD RIL. We are currently testing the hypothesis that
this lack of protein matrix surrounding the starch granules will
provide increased access for amylases in ethanol production.
As well, this hard endosperm matrix carrying the HPD trait
should provide improved milling properties over the opaque/
floury HPD lines.

Antifungal Protein Association with Grain Mold
Resistance

Sorghums (93 lines and hybrids) were grown in 2004 in
TAES Field Plantation in College Station under ambient con-
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Figure 1. Turbidity assay of RILs and parents of RILs BTx635 and HPD line P850029. A 60
mg flour samples used for each pepsin digestion turbidity assay were incubated at
37°C for 60 min as described by Aboubacar et al., 2003. RILs with the same
number are sister lines. The HPD line P85009 and RILs that have been scored as
carrying the HPD trait are highlighted in black.

GCPOC124 X High Digestibility P8B51171

1.4
1.2
L] it
£ 1 ] —
c
N -
0 B -
n
~0.8 — = H M —
>
L]
z
Lo HH
3
(=
0.4 o =~ H
D.Z-I————————
0':'§'H N T T TN T T T T T T T
\ | ] ) \ i | ) | i )
— (%2) ™M = =+ oo [ra] w
7 08 B R B R R X R RE 8§ 3
L o ™ ™~ ~ ~ ~ ~ ~ ™~ ~ ™~ ~ ~ ]
e s] o T — — =i T — — — — — ~ ]| —
&8 (%] = — — i = — — — — — — — —
0}
Parents F5 Recombinant Inbred Lines

Figure 2. Turbidity assay of RILs, and parents of RILs GCPOC124 and HPD line
P851171. A 60 mg flour samples used for each pepsin digestion turbidity
assay were incubated a 37°C for 60 min as described by Aboubacar et al,
2003. RILs with the same number are sister lines. The HPD line P851171
and RILs have been scored as carrying the HPD trait are highlighted
in black.
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Figure 3.

Longitudinal sections (inset) and scanning electron micrographs of (A) hard vitreous
endosperm parent GCPOC124, (B) HPD opaque mutant parent P851171 (C) HPD mutant
RIL 11278-1 with modified hard vitreous endosperm, (D) HPD mutant RIL 11286-1 with
opaque floury endosperm.

ditions (not inoculated, no additional misting). Sorghums (52
red and 41 white) were sampled at physiological (30 DAA)
and combined harvest maturity (50 DAA). Chitinase and
sormatin in caryopses of sorghum at 30 and 50 DAA were
determined. The percentage loss in chitinase and sormatin
from 30 to 50 DAA were referred to as the retention rate.
Grain mold rating, germination rate, phenol content, seed den-
sity, hardness and seed color (L, a and b values) were also
measured.

Grain mold rating and germination rate are significantly
correlated with both chitinase and sormation retention but not
with phenol content and SKHT hardness (Table 1). Seed den-
sity is correlated with grain mold rating but not with germina-
tion rate. Thus, sorghums that are more resistant to molds re-
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tain more chitinase and sormatin from 30 to 50 DAA than
those that are susceptible. On the other hand, the study did not
show a relationship between mold resistance and phenol con-
tent or seed hardness. Clearly, chitinase and sormatin con-
tribute to limit mold damage of sorghum.

Evaluation of 33 hybrids and their respective male and
female parents were also conducted in 2004. The hybrids had
improved mold resistance, seed germination and seed density
and increased retention of chitinase and sormatin when com-
pared to their parents. This indicates a potential additive ef-
fect of combining mold resistance loci. More work needs to
be conducted to quantify the hybrid vigor component of grain
mold resistance.



Germplasm Enhancement and Conservation

Table 1. Correlations between grain mold rating score and seed properties (n=93).

Attribute Mold Germination Seed Seed Seed Seed Hardness Phenols Chitinase

Rating Rate (%) Color Color Color Density (SKHT¥*) (mg/g) Retention
@) (a) (b)

Germination -0.49

Rate

Seed Color (L 0.33 -0.20

value)

Seed Color (a -0.56 0.39 -0.82

value)

Seed Color (b 0.34 -0.24 0.93 -0.73

value)

Seed Density -0.21 0.17 0.26 -0.18 0.20

Hardness 0.02 0.07 0.09 -0.18 0.08 0.65

(SKHT*)

Phenols -0.16 0.24 -0.57 0.59 -0.52 -0.12 -0.08

(mg/g)

Chitinase -0.51 0.42 -0.36 0.43 -0.34 0.05 0.05 0.36

Retention

Sormatin -0.46 0.44 -0.27 -0.24 -0.24 0.07 -0.06 0.31 0.74

Retention

Marked correlation in bold type are significant at p<0.05.
*SKHT = Single Kernel Hardness Tester.

Networking Activities

Dr. Hays traveled to Pretoria, South Africa, in October
2004 to present a talk on the use of biotechnology in the de-
velopment of new high nutritional quality sorghum varieties
at the White Food Sorghum Workshop at the University of
Pretoria. Collaborations with Medson Chisi, Sorghum Breed-
ing, Golden Valley Research Station, Zambia, and John Tay-
lor, University of Pretoria, were developed at this meeting on
priorities for testing potential food products that could be
developed from the modified endosperm HPD lines.

We currently have one graduate student from Mexico, one
from Honduras, and one domestic student working on and
funded by this INTSORMIL project. We have leveraged
INTSORMIL research funds to obtain $125,000 in additional
funding for two graduate student fellowships. As well, we re-

cruited a fully funded Fulbright Fellow graduate student from
Honduras. Thus, three students are currently being funded by
outside sources to work on this INTSORMIL project.

Publications and Presentations
Workshops Meetings

Dirk B. Hays. 2004. Sorghum Biotechnology: Combinability
of high grain digestibility with grain mold resistance, USA-
AID-INTSORMIL, White Food Sorghum Workshop, Uni-
versity of Pretoria, Pretoria, South Africa.

Dirk B. Hays, 2004. Using biotechnology to develop resis-
tance in cereals to pathogens with extant diversity, Depart-
ment of Plant Pathology, Texas A&M University.
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Development and Enhancement of Sorghum Germplasm
with Sustained Tolerance to Biotic and Abiotic Stress

Project PRF 207
Gebisa Ejeta
Purdue University

Principal Investigator

Dr. Gebisa Ejeta, Dept. of Agronomy, Purdue University, West Lafayette, IN 47907

Collaborating Scientists

Dr. Aberra Deressa, Agronomist, EARO, Melkassa Research Station, Nazret, Ethiopia

Dr. Tesfaye Tesso, Sorghum Breeder, EARO, Melkassa Research Station, Nazret, Ethiopia.
Dr. Issoufou Kapran, Sorghum Breeder, INRAN, Niamey, Niger

Dr. Aboubacar Touré, Sorghum Breeder, IER, Bamako, Mali

Mr. C.K. Kamau, Sorghum Breeder, KARI, Kenya
Dr. Peter Esele, Plant Pathologist, NARO, Uganda

Dr. Hamis Sadaan, Sorghum Breeder, Department of Crops, Tanzania

Mr. Tesfamichael Abraha, Agronomist, DARE, Eritrea

Dr. Mitchell Tuinstra, Dept. of Agronomy, Kansas State University, Manhattan, KS 66506

Dr. Darrell Rosenow, Texas A&M Ag Research Center, Route 3, Lubbock, TX 79403

Dr. Kay Porter, Pioneer HiBred International, Plainview, TX 79072

Dr. Bruce Hamaker, Cereal Chemist, Dept. of Food Science, Purdue University, W. Lafayette, IN 47907

Dr. Peter Goldsbrough, Geneticist, Dept. of Horticulture, Purdue University, W. Lafayette, IN 47907

Dr. Layia Adeola, Animal Nutritionist, Dept. of Animal Sciences, Purdue University, W. Lafayette, IN 47907

Summary

Breeding sorghum varieties and hybrids for use in devel-
oping countries requires proper recognition of the major con-
straints limiting production, knowledge of germplasm, and an
appropriate physical environment for evaluation and testing.
Successful breeding efforts also require knowledge of mode
of inheritance and association of traits that contribute to pro-
ductivity as well as tolerance to biotic and abiotic stresses.
Research and germplasm development activities in PRF-207
attempt to address these essential requirements.

PRF-207 addresses major biotic and abiotic constraints
(drought, cold, grain mold, and other diseases) that limit pro-
ductivity of sorghum in many areas of the world. We also
undertake in this project studies on collection, assessment,
and exploitation of sorghum germplasm from around the
world. Over the years, significant progress has been made in
some of these areas. Superior raw germplasm have been iden-
tified, mode of inheritance established, chemical and mor-
phological traits that contribute to productivity as well as to
tolerance to these stresses have been identified. Selected gene
sources have been placed in improved germplasm background,
some of which have already been widely distributed. In this
report we document results of a collaborative study on analy-
sis of genetic diversity among sorghums from Sudan.

Objectives, Production and Utilization Constraints
Obijectives
Research

» To study the inheritance of traits associated with resis-
tance to biotic and abiotic stresses in sorghum and/or mil-
lets.

* To elucidate mechanisms of resistance to these stresses
in sorghum and/or millets.

» To evaluate and adapt new biotechnological techniques
and approaches in addressing sorghum and millet con-
straints for which conventional approaches have not been
successful.

Germplasm Development, Conservation, and Diversity

»  To develop sorghum varieties and hybrids with improved
yield potential and broader environmental adaptation.

» To develop and enhance sorghum germplasm with in-
creased levels of resistance to drought, cold, diseases,
and improved grain quality characteristics.
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e To assemble unique sorghum germplasm, and to encour-
age and facilitate free exchange of germplasm between
U.S. and LDC scientists and institutions.

»  Toassess applicability of various statistical and DNA fin-
gerprinting technologies for evaluating genomic similar-
ity or for discerning genetic diversity of sorghum and
millet germplasm pools.

Training, Networking, and Institutional Development

e To provide graduate and non-graduate education of U.S.
and LDC scientists in the area of plant breeding and ge-
netics.

e To develop liaison and facilitate effective collaboration
between LDC and U.S. sorghum and millet scientists.

» To encourage and facilitate positive institutional changes
in research, extension and seed programs of collaborat-
ing countries involved in sorghum and millet research and
development.

Program Approaches

The research efforts of PRF-207 are entirely interdisci-
plinary. The on-campus research at Purdue is in close col-
laboration with colleagues in several departments. We under-
take basic research in the areas of biotic and abiotic stresses
where a concerted effort is underway in elucidating the bio-
chemical and genetic mechanism of resistance to these con-
straints. Field and laboratory evaluations of sorghum and millet
germplasm are coordinated, the results from one often
complimenting the other. In addition, there have been col-
laborative research efforts with colleagues in Africa where
field evaluation of joint experiments are conducted.

Our germplasm development and enhancement program
utilizes the wealth of sorghum and millet germplasm we have
accumulated in the program. Intercrosses are made in spe-
cific combinations and populations generated via conventional
hybridization techniques, through mutagenesis, or through tis-
sue culture in vitro. Conventional progenies derived from
these populations are evaluated both in the laboratory and in
the field at West Lafayette, Indiana for an array of traits, in-
cluding high yield potential, grain quality, as well as certain
chemical constituents that we have found to correlate well
with field resistance to pests and diseases. We also evaluate
our germplasm for tropical adaptation and disease resistance
during the off-season at the USDA Tropical Agricultural Re-
search Center at Isabella, Puerto Rico. Selected progenies
from relevant populations are then sampled for evaluation of
specific adaptation and usefulness to collaborative programs
in Sudan, Niger, and more recently Mali. Evaluation of the
drought tolerance of our breeding materials have been con-
ducted at Lubbock, Texas in collaboration with Dr. Darrell
Rosenow, in a winter nursery at Puerto Vallarta, Mexico, as
well as the University of Arizona Dryland Station at Yuma,
Arizona, and several locations in Africa. Over the years, as-
sistance in field evaluation of nurseries has also been pro-
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vided by industry colleagues particularly at Pioneer HiBred
and DeKalb Genetics

The training, networking and institutional development ef-
forts of PRF-207 have been provided through graduate educa-
tion, organization of special workshops and symposia as well
as direct and closer interaction with research scientists and
program leaders of NARS and associated programs. Much of
the effort in this area has been primarily in Sudan and Niger,
with limited activity in Mali and some in Southern Africa
through SADC/ICRISAT.

Project Output
Research Findings
Analysis of Genetic Diversity in Sudanese Sorghums

Sorghum originated in the Northeast quadrant of Africa
over 3000 years ago, and slowly dispersed into other parts of
Africa eventually spreading its area of cultivation into Asia
and the rest of the world. Diversity of sorghum appears to be
highly correlated with duration of domestication and the type
of farming practiced in an area. High level of diversity was
reported in sorghums from Ethiopia, a primary center of ori-
gin, from India, a secondary center of domestication, as well
as from China, another important center of diversity for sor-
ghum. Phenotypic diversity on 415 sorghum landraces from
Ethiopia and Eritrea showed high phenotypic diversity along
adaptation zones. Among 2343 Indian landraces from the sor-
ghum ex-situ collection maintained at the International Crop
Research Institute for the Semi-Arid Tropics (ICRISAT), higher
phenotypic diversity among accessions from different states
than those from within a state was reported. Among 10,386
Chinese sorghum landraces kept at the national gene bank in
Beijing, high degree of phenotypic diversity was observed in
the collection with report of the most diversity in landraces
from regions with the longest history of sorghum cultivation.

Sudan is one of the most important centers of sorghum
domestication and cultivation. Sorghum is grown in every re-
gion of the country where it is possible to raise a crop. Nearly
80% of the total grain production in the country is obtained
from sorghum. It is the staff of life for all Sudanese. In many
parts of the country the crop is wholly utilized. The grain is
used for making kisra (unleavened bread from fermented
dough), a local porridge asida, a non-alcoholic beverage abreih,
and a local beer marisa. The stalks are used as building mate-
rial and the straw is utilized as animal feed or as source of
fuel. Sorghums from the Sudan have also impacted sorghum
improvement efforts globally. They have served as germplasm
sources for improvements in yield, drought tolerance, stalk
strength, insect and disease resistance, as well as nutritional
quality. Early introductions of sorghum into the USA were
primarily from Sudan. Sudan was probably the place where
mutations for height and maturity took place in nature and where
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‘U.S. type sorghums’ originated providing excellent opportu-
nity for gene transfer between tropical and temperate. Indeed
many varieties such as hegaris, feteritas, zera zeras and kurgis
have contributed much towards breeding of improved sorghum
varieties in both USA and India. In spite of their immense glo-
bal importance, however, no organized diversity analysis has
been reported on sorghums of the Sudan except for a few col-
lection reports describing apparent variability among Sudanese
sorghum landraces.

We recently completed an extensive evaluation and char-
acterization of Sudanese sorghums kept at gene banks in Sudan,
India, and the USA. This was undertaken as a collaborative ef-
fort among several institutions, including ICRISAT, the Inter-
national Sorghum and Millet Collaborative Research Support
Program (INTSORMIL), the United States Department of
Agriculture (USDA), and the Agricultural Research Corpora-
tion (ARC) of the Sudan. As a result of this effort, fresh seeds
of approximately 2800 well catalogued Sudanese sorghum
landrace accessions are currently kept at gene banks in the
USA, India and Sudan. The scientific value of these collec-
tions is better appreciated if a comprehensive analysis of the
genetic diversity is undertaken. The objective of this study,
therefore, is to develop a better understanding of the diversity
and distribution of the present collection and to provide a ba-
sis for formulating policy for future action.

Univariate analyses were performed on morphological
characteristics to describe phenotypic variability and its dis-
tribution across regions. Basic descriptive statistics of means,
standard error, variance, and coefficient of variation, were per-
formed on 10 quantitative traits. Geographical partitioning
of diversity was assessed though variance analysis. Ten quali-
tative characters were encoded with from two to 13 classes.
To reduce the statistical limits due to small group size, we
grouped some of these classes. Frequency distributions for
the 10 discrete characters were determined by grouping ob-
servations according to regional origin. Deviation from the
expected frequency, as obtained from the distribution in the
total landrace collection, was assessed using a Chi-2 test.
Morphological diversity was also estimated by considering
multiple characters together. Principal component analysis was
performed on the 10 quantitative characters using standard-
ized data.

Racial Classification

Race classification of Sorghum bicolor proposed by
Harlan and de Wet in 1972 defines five races (Bicolor,
Caudatum, Durra, Guinea and Kafir) and their 10 intermedi-
ates based on spikelet and panicle shape at maturity. In our
landrace collection, all the races except the Guinea-Kafir in-
termediate, were present (Table 1 & 2). Four landraces be-
longing to the subspecies Sorghum drummondii (an annual
weedy species) were also present in the collection. Landraces
collected from farmers’ fields included all the races except
for Kafir, its intermediates, and Guinea-Bicolor. Race distri-

bution in these landraces was heavily skewed toward the
Caudatum race (80.5%) and its intermediate forms. Racial
distributions were markedly different among regions. Sor-
ghums from El Gezira included 14 races made up mainly of
Caudatum and its intermediate races. Among landraces from
the Kassala region, six races were present with races Caudatum
and Durra equally represented. Race Bicolor represented as
high as 16% of the landraces from Kassala. In the Blue Nile
region, six races of sorghum were included with race
Caudatum as the most dominant (49%) followed by its inter-
mediate Guinea-Caudatum (27%). More races were included
in landrace sorghums from Upper Nile where there too, 70%
of the landraces were classified as Caudatum. The less diverse
region, race-wise, was Equatoria, where only 10 Caudatum,
four Guinea, and four Guinea-Caudatum landraces were re-
ported. However, such a bias in the racial distribution may
only be a reflection of the reduced number of accessions col-
lected from this region.

Plant Morphology and Phenology

Among sorghums originating from Kassala and Blue Nile
regions, number of basal tillers (BT) always exceeded the unit.
Sorghums from El Gezira had the highest number of basal
tillers, with up to six basal tillers per plants, and consequently
showed the largest coefficient of variation (CV=0.52). The
shortest and earliest sorghums recorded during the post-rainy
season (PHTR=85 cm and FLR=41 days) were also found in
El Gezira. Accessions from the Blue Nile region were the
tallest (PHTR=350 cm) and among the latest (FLR=103 days)
sorghums. Sorghums from the Upper Nile region were among
the smallest and earliest sorghums with the smallest upper
limit of range values for both height (PHTR__ =260 c¢m) and
days to flowering (FLR =82 days). The lowest limits in range
of both PHTR and FLR values were the highest for sorghums
from Equatoria (PHTR , =170 cm and FLR . =84 days). In
addition, sorghum from Equatoria had very small coefficient
of variation for flowering (CV=0.07) and for height
(CV=0.12). Furthermore, the earliest sorghum accessions
from Equatoria flowered later than the latest flowering sor-
ghum from Upper Nile.

Panicle Characteristics

The range of values for peduncle exertion (PEDEX)
showed that no sorghum from Equatoria had poor exertion as
the minimal exertion recorded was nine centimeters. There
was reduced variability for exertion among Equatoria sorghums
as reflected by the small coefficient of variation (CV=0.31).
Variances among regions were homogeneous and mean com-
parison indicated that landraces from Equatoria were signifi-
cantly more exerted than acessions from all other regions.
The highest values for ear head length (EHLG) and ear head
width (EHWD) were found among sorghums from Kassala
region (EHLG=44 cm and EHWD=25 cm). Sorghum from
Blue Nile tended to include mostly accessions with long and
large panicles. Based on mean comparison for these two

69



Germplasm Enhancement and Conservation

panicle characteristics, sorghums from Kassala and Blue Nile
regions appear to possess larger panicles than those from
Gezira, Upper Nile and Equatoria.

Kernel Characteristics

In comparison with other regions, sorghum originating
from Kassala had both the smallest and the largest kernel size
(GRS), 1.8 mm and 5 mm, respectively, as well as the highest
100-seed weight (SWT=7.3 g). Consequently landraces from
Kassala exhibited the largest coefficient of variation for GRS
(CVv=0.17) and for SWT (CV=0.34). El Gezira appeared as
the region for sorghums with the smallest seed weight (SWT=
1.32 g). Sorghums originating from Equatoria showed both
the highest value for the lower boundary and the lowest value
for the upper boundary of GRS (GRS  =2.5 mm, GRS =3
mm) and the lowest upper boundary for SWT (SWT__=3.49).
This reduced variability was also expressed by the smallest
coefficient of variation for GRS and SWT (CV=0.05 and
CV=0.15, respectively).

Nodal Tillers

Agronomic evaluation for presence or absence of nodal
tillers (NT) showed that Sudanese landraces have a great ten-
dency to produce nodal tillers. Though classified as a qualita-
tive trait, nodal tiller production is highly affected by the en-
vironment. Despite a predominance of sorghums with pres-
ence of nodal tillers in the collection (92%), significant dif-
ferences were found among regions. Landraces from Upper
Nile and Equatoria were characterized with higher frequency
of absence of nodal tillers. In Equatoria, the proportion of
accessions without tillers to those with nodal tillers was re-
verse of what was found in the total collection. At the other
extreme were accessions from El Gezira and Blue Nile re-
gion where almost all landraces produced nodal tillers and all
landraces from Kassala were uniquely characterized with pres-
ence of nodal tillers.

Table 1. Geographical distribution and local source of the landraces from Sudan.

Province Locality

Landraces from Institute

Landraces from Farmer's Total

El Gezira Gezira

Wad Medani 124 E
El Rafda

El Nagi (Rufa)
Rufa

Missing

Total

Alareida
Doka

Doka 10 N

El Azaza

El Rwashida
Gedaref 82 W
Huri

Kafai

Kassab
Komshetta

Kassala

Kumur

Omshidara

Sabarna

Samsum 16 SE

Samsum 20 SW

Samsum 37 N

Umsinebra

Umgargura

Total

Abugarin (41 SW Damazin)
Abu-ramad

Amarasazili (61 NW Damazin)

Bau

Blue Nile

Bel-ar

749 749
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Table 1. cont’d - Geographical distribution and local source of the landraces from Sudan.

Province Locality Landraces from Institute Landraces from Farmer's Total
Buck 0 2 2
Damazin 0 7 7
Dindro (144 SW Damazin) 0 3 3
Duel (93 NW Assossa) 0 1 1
Galgani (158 NW Damazin) 0 1 1
Geneisa 0 1 1
Kurmuk 0 8 8
Lawni (Abu Hugar) 0 1 1
Onsa (13 N Kurmuk) 0 2 2
Radeef 0 2 2
Singa 0 19 19
Sennar 0 3 3
Ulu (177 SW Damazin) 0 1 1
Ulu (219 SW Damazin) 0 2 2
Wad el Nile 0 4 4
Total 0 3 UK
Upper Nile Tozi 144 0 144
Total 144 0 144
Equatoria Imeila 0 1 1
Labalwa 0 2 2
Lowudo 0 1 1
Loronyo 0 3 3
Lafon 0 4 4
Mura-Ikotos 0 6 6
Magwe 0 1 1
Total 0 18 18
Missing 972 13 985
Total landraces 1865 152 2017

Table 2. Race distribution in different regions and in the total collection of sorghum landraces from

Sudan.
Race El Kassala Blue Upper Equatoria Total
Gezira Nile Nile

Bicolor 8 7 1 1 0 79
Caudatum 292 12 36 101 10 889
Durra 90 13 8 10 0 209
Guinea 14 0 0 2 4 35
Kafir 2 0 0 0 0 2
CB: Caudatum-Bicolor 55 0 1 3 0 110
DB: Durra-Bicolor 16 2 0 0 0 42
GB: Guinea-Bicolor 3 0 0 0 0 7
KB: Kafir-Bicolor 3 0 0 1 0 7
DC: Durra-Caudatum 104 7 7 12 0 231
GC: Guinea-Caudatum 129 4 20 13 4 342
KC: Kafir-Caudatum 15 0 0 1 0 34
GD: Guinea-Durra 19 0 0 0 0 24
KD: Kafir-Durra 2 0 0 2
Drummondii 0 0 0 4
Total 752 45 73 144 18 2017
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Plant, Glume and Midrib Color

Most entries in the Sudan collection (93%) had plants
with pigmentation (PIG) with no significant differences among
regions for pigmentation. Approximately one-half of the col-
lection contained dark (black/purple) glumes (53%) and again
evenly distributed among regions. Approximately, 11% of the
landraces from El Gezira had red glume (GLC) which was sig-
nificantly different from frequency of red glumes in the total
collection (16%). The proportion of accessions with sienna
glume color was the smallest in accessions from the Upper
Nile (6%) in contrast to a higher proportion in collections
from Blue Nile (37%), Kassala (33%) and El Gezira (24%)
regions as well as in the entire collection (19%). Mahogany
glume color represented 12% of the collection and this trait
was the lowest (3%) among sorghums originating from Blue
Nile and the highest (20%) in accessions from the Upper re-
gion. Midrib color (MRC) for the entire Sudan collection was
mainly distributed between two classes, white and dull midrib
colors represented 62% and 36% of the collection, respec-
tively. Yellow midribs were rare in the Sudan collection. Only
a small portion of the landraces in the total collection had
yellow midrib (2%), but sorghums from Kassala had an un-
usually high (29%) frequency of yellow midrib types.

Panicle Characteristics

For panicle compactness and shape (EHCS), a higher pro-
portion of accessions of the entire collection were charac-
terized with compact panicles (56%). Frequency of compact
panicles was significantly higher in sorghums from El Gezira
and from Upper Nile (69% for each). In the total collection,
sorghums with loose panicles included 40% with loose and
stiff branches and 3% for panicles with loose drooping
branches. El Gezira sorghums were less commonly charac-
terized with loose panicles. Sorghums from Upper Nile had a
significantly smaller (17%) frequency of landraces with loose
stiff branches, and a relatively higher frequency of landraces
with loose drooping branches (14%). In major contrast to
sorghums from all the other regions as well as the entire col-
lection, landraces from Equatoria were more uniquely char-
acterized with loose panicles. Most of the Sudan collection
(68%) was classified as containing easily threshable (THR)
panicles, except for sorghums from Kassala where 20% were
recorded as difficult to thresh in contrast to a 6% average for
the entire collection. Partly threshable sorghums were sig-
nificantly higher in collections from El Gezira and Upper Nile,
and significantly reduced for accessions from Kassala, Blue
Nile, and Equatoria. Only sorghums originating from Blue Nile
contained a very high frequency, 97%, of freely threshable
panicles.

Kernel Color

This trait (GRC) was characterized as physical appear-
ance of the kernels, notwithstanding the genetic basis for the
expression of this trait. Approximately 55% of the collection
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was evenly distributed between sorghums with brown seeds
and those with grey seeds. Straw, red, white, and yellow ker-
nels were found in 15%, 13%, 11% and 5% of the collection,
respectively.

Glume Coverage

Assessment of glume coverage of kernels (COV) in the
Sudan collection resulted in 48% of the collection to be un-
covered with only up to 1/4 of the seed covered by the glume,
40% of the collection with 1/2 of kernel covered by glume,
and 12% of the collection with kernels 3/4 to fully covered
by glume.

Endosperm Characteristics

Endosperm texture (TEX) was significantly different
among sorghums from different regions. Fewer landraces in
the Sudan collection possessed corneous endosperm (6%). A
higher proportion of landraces had kernels with either partly
corneous or partly to completely starchy endosperm 40% and
54%, respectively.

Estimates of Diversity

Diversity was estimated using the Shannon-Weaver di-
versity index calculated from frequency distribution of mul-
tiple morphological traits. Estimates were based on pheno-
typic variability of the landraces, only considering the quali-
tative characters. Great global index of diversity was found in
the total collection (H’=0.80). Within region, however, the
range of index of diversity varied from H’=0.60 for acces-
sions from Equatoria, to H’=0.79 for sorghums from El
Gezira. Pair-wise comparison of the indices using t-test re-
vealed significant differences (at p<0.05 probability-level)
between the diversity indices obtained from Blue Nile
(H’=0.67) and the total collection (H’=0.80) as well as be-
tween Blue Nile and El Gezira (H’=0.79).

Germplasm Exchange

We continue to provide an array of sorghum germplasm
from our breeding program to national research programs in
developing countries. Our germplasm is provided in either a
formally organized nursery that is uniformly distributed to all
collaborators that show interest or upon request by a national
program of specific germplasm entries or groups from or
germplasm pool. Germplasm was distributed to cooperators
in 10 countries in 2004.
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Enhancing the Utilization of Grain Sorghum
and Pearl Millet through the Improvement of
Grain Quality via Genetic and Nutrition Research
Project KSU 220

Mitchell Tuinstra and Joe Hancock, Kansas State University
William Rooney and Clint Magill, Texas A&M University
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Summary

The marketing and utilization of sorghum grain often has
been limited by lower grain quality and feed value compared
to other cereals. This research project attempts to address
this weakness through plant breeding to develop elite variet-
ies and hybrids with improved nutritional and grain quality traits
including mold resistance and through development and trans-
fer of animal feed and production technologies to developing
countries. Breeding efforts continue with the exchange and
testing of new germplasm and improved varieties through col-
laboration of scientists around the world. Animal feed work-
shops and seminars as well as poultry feeding demonstrations
are being conducted with collaborators in countries in Africa
and Central America.

Improve Nutrition and Yield

The major emphasis of this project is to develop sorghum
varieties and hybrids with enhanced nutritional and grain qual-
ity characteristics. Large-seeded sorghum genotypes with en-
hanced feed-value and grain-quality characteristics have been
identified and these genes are being incorporated into im-
proved genetic backgrounds for deployment in regions of Af-
rica, Central America, and the United States. Efforts are also
being made to determine if high protein digestibility and grain

mold resistance can be combined. Currently, small popula-
tions have been developed to test this relationship. Genes that
contribute to grain mold and disease resistance are being
tagged to simplify future incorporation into useful cultivars.

Past breeding efforts have significantly enhanced yield po-
tential in semi-arid regions of the world, but little attention
has been focused on feed value and grain quality in these pro-
duction environments. Tan-plant sorghum hybrids with im-
proved drought tolerance are being developed to address this
problem. In the United States, food-grade hybrids are now
commercially available in all maturity groups. These hybrids
are high-yielding and well-adapted to dryland and limited-ir-
rigation environments.

Improve Institutional Capacity

Our training program focuses on the transfer of technol-
ogy and knowledge to allow development and utilization of
improved sorghum and pearl millet cultivars for animal feed-
ing and human food. A key component of technical assistance
and technology transfer in Central America is the RAPCO
Short Course for animal nutrition. This week-long short
courses in animal feeding and nutrition is held each year and
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includes participants from Mexico, Guatemala, EI Salvador,
Honduras, Nicaragua, Costa Rica, Panama, the Dominican
Republic, Columbia, Venezuela, Peru, and Ecuador. These
short courses were designed specifically to address issues
(real and perceived) that limit the expanded use of sorghum as
a feedstuff for poultry farming in Nicaragua and El Salvador.
Technology transfer efforts in West Africa also were initiated
in 2003 through interaction with Dr. Salissou Issa, Head of
the Animal Husbandry Unit at the INRAN Rainfed Crops Pro-
gram in Niger. These efforts include farm visits, feeding tri-
als, and poultry field days to demonstrate the relative feed
value of local and improved sorghum varieties in comparison
to traditional corn-based feed rations.

In addition to providing new cultivars and the technology
to utilize them effectively, graduate students and visiting sci-
entists with interest in crop improvement, crop utilization,
animal nutrition and molecular biology are being hosted for
short-term and graduate training at Kansas State University
and Texas A&M University. Student projects are strongly
multidisciplinary and provide opportunities for collaboration
with investigators from different departments and universi-
ties. The focus of this training is to enhance the human and
institutional capacity of research institutions in developing
countries.

Promote Economic Growth

Plant breeders traditionally have placed little emphasis
on end-use value of sorghum for human and animal consump-
tion. Our research project attempts to address this weakness
in sorghum and millet crop improvement through the integra-
tion of traditional plant breeding with biotechnology to de-
velop elite hybrids and cultivars with improved nutritional and
grain quality traits. Sorghum genotypes with enhanced feed-
value and grain-quality characteristics have been identified and
these genes are being incorporated into improved genetic back-
grounds for deployment in regions of Africa, Central America,
and the United States.

Objectives, Production and Utilization Constraints.
Obijectives

» ldentify and map genes associated with improved grain
and feed quality characteristics.

»  Develop robust biotechnology tools for tagging genes that
contribute to grain mold resistance and enhanced nutri-
tional value.

»  Develop high-yielding sorghum cultivars with improved
feed quality and grain mold resistance using both con-
ventional breeding techniques and marker-assisted selec-
tion technology.

e Provide technology transfer and technical assistance in
promoting the use of improved sorghums and millet in
poultry feeding in the developing regions of West Africa
and Central America.
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Constraints

New entrepreneurial opportunities for production of ani-
mal feeds and products in developing countries including meat
and eggs are needed to move sorghum and millet from subsis-
tence crops to value-added commaodities. However, the mar-
keting and utilization of sorghum grain often has been limited
by lower grain quality and feed value than other cereals. Sor-
ghum kernels are exposed to the environment as they mature
and grain mold problems are common. Grain mold involves a
complex of potential pathogens and as for other diseases, se-
lection for resistance leads to changes in the pathogen popu-
lations. Thus breeding efforts must be continuous just to main-
tain high production and qua