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GENERAL INTROOUCTION

Grain yield can be expressed by the formula: Grain yleld = Growth
rate x Growth duration x Harvest index (Takeda and Frey, 1977). Growth
rate x growth duration determines biological yleld, and harvest index
measures the proportion of biological yield in the grain. Interspecific
matings of oats (Avena sativa L.), barley (Hordeum spontaneum L.), and
sorghum (Sorghym bicglor (L.) Moench) have been useful for improving
grain yield and because the growth duration of some high yield segregates
is no greater than current cultivars, this improvement in yield was
caused indirectly through either higher harvest index and/or growth
rate.

Singh and Stoskopf (1971) found that harvest index was positively
correlated with grain yield in all cereals except cats, and Chaudhary
et al. (1977) showed that it varied among cultivars of wheat (Triticum
aestivum L.), was highly heritable, and positively correlated with grain
yield. In the latter study, low soil fertility caused expression of high
harvest index, but this trait was subject to genotype x enviromment
interaction.

Rosielle and Frey (1975) found that ocat lines selected for high
harvest index were superior to these selected for grain yield only.
Mass (1980) and Bhatt (1977) stated that this trait was a good selection
criterion for improving grain yield of wheat, especially during early
generations.

When Takeda et al). (1980a) predicted grain yields from growth rate
and harvest index they found a coefficient determination of 0.94.



However, selection for very high harvest index in A. sativa x A. sterilis
matings resulted in poor grain yields, which suggested that an optimum
harvest index does exist (Takeda and Frey (in preparation)). A harvest
index above optimum resulted in a constant grain yleld and reduced straw
yield (Takeda and Frey, 1977). Takeda et al. (1980b) postulated that for
cereal crops with a long growth duration, harvest index was the 1imiting
trait in grain production, whereas for crops with a 1imited duration,
growth rate was the 1imiting trait. OCats grown in the midwestern U.S.A.
have a short growth duration (Takeda et al. (1979). Thus, increasing
growth rate is the most appropriate route to obtain greater productivity.

Pearson ot al. (1977) found that pear] millet (Pennisetym ameri-
canum L.) had greater vegetative dry-matter production during the three

weeks following emergence than did maize (Zea mays L.) or hybrid
Pennisetum, but the highest rate of dry-matter production for all three
crops occurred during s1lking and early grain filling.

Interspecific matings have been useful for transferring genes for
resistance to disease from exotic, weedy, or wild relatives to the cul-
tivated forms, but few matings have _qhom value for increasing viger
traits, such as biological or grain yleld, growth rate, etc.

Gupts and Singh (1973) used exotic germplasm sources to improve
general and specific combining ability of pearl millet lines, and
Ahluwalia and Patnaik (1963) showed that genes from exotic genotypes
increased heterosis and specific combining ability of this crop.

Takeda et al. (1979) studied intraspecific oat matings classified
as adapted x adapted, adapted x semi-exotic, and adapted x exotic, and
found that the first mating type gave the greatest proportion of



vigorous segregates. Heritabilities of vigor traits were similar in all
three types of matings. Harvest index and growth rate were genetically
related to yleld, but were inherited independently. A negative error
correlation between harvest index and growth rate indicated that they
acted compensatorily to make grain yield adjustments to minor environ-
mental changes. Interspecific oat matings (a) gave greater grain yield
increases via growth rate than did intraspecific ones, (b) gave greater
heritability for growth rate, and (c) produced a greater number of
positive transgressive segregates for this trait.

The general objective of this study was to deterwine whether matings
of cultivated pearl millet with weedy and wild strains would produce high
ylelding, high growth rate segregates. The specific objectives were to:

(1) Evaluate adapted cultivated, unadapted cultivated, weedy,
and wild strains of pearl millet for variation in growth rate,
harvest index, grain yield, and growth patterns;

(2) Compare unadapted cultivated, weedy, and wild strains for
improving growth rate, grain yield, harvest index, and other
traits in matings with pearl millet inbreds;

(3) Cowpare the associations of physiological traits and traits
of domestication when unadapted cultivated, weedy, and wild
strains were mated with pearl millet inbreds.

Review of Literature
Evaluation of wild and weedy relatives
A few studies have compared a cultivated crop with its wild and
weedy relatives for such traits as grain characteristics, growth patterns,



salt tolerance, and ripening behavior.

Evans and Dunstone (1970) compared hexaploid wheat with its tetra-
ploid and diploid progenitors, and found as the level of ploidy and
domestication increased, grain size, seedling establisment rate, and
leaf size increased. Final dry weight/plant was similar for all wheats,
however. Oomestication and higher ploidy increased apical dominance of
the inflorescence, and resulted in fewer tillers and more grains per
plant. Mobilization of photosynthate from the stems and leaves probably
increased with an increase in culm phloem capacity. Rate of photosyn-
thesis at high 1ight intensities was greater in wild diploids, but flag
Teaf area was reduced by domestication: The resulting lower flag leaf
photosynthesis in domesticated wheat was compensated by a delayed flag
leaf senescence. The authors concluded that increases in grain size,
leaf size, and translocation of assimilates to the grain have been the
dominant physiological changes that increased grain yield during the
domestication of wheat.

According to El-Sharkawy et al. (1965), the greater yield of cul-
tivated cotton (Gossypium hirsutum L.), compared with its wild relative,
was the result of larger seeds and cotyledons, but not an increased
photosynthetic rate. However, Elmore et al. (1967) reported significant
differences between the primitive and cultivated cottons for photosyn-
thetic rates. Bramel-Cox et al. (1984), in a comparison of cultivated,
weedy, and wild pearl millet strains, found no variation for growth rate
among cultivated genotypes, but on average, they were significantly in-
ferior to wild and weedy accessions.



Rush and Epstein (1976, 1981) reported that some ecotypes of the
wild tomato (Lycopersicon cheesmenii L.) could grow successfully in full
seawater, whereas the cultivated tomato (L. ssculentum Mi11) died when
grown in 50% seawater. The cultivated tomato could not withstand
salinity because of its inability to keep Na below toxic levels in leaf
tissue, whereas because the wild tomato could not distinguish between
Na and K fons, 1t accumulated Na in the leaf tissue where Na substituted
for K in metabolic functions. Grumet et al. (1981) found ripening
patterns in tomato species that could be useful in cultivated strains.

Use of introgression to improve guantitative traits

The weedy and wild relatives of a crop may have potential to improve
qualitatively inherited traits such as disease resistance and quantita-
tively inherited traits such as grain yield, fodder yield, drought
resistance, etc. Coons (1975) found the wild Beta species were useful
for improving disease resistance, yield, and other traits in Beta
vulgaris (L.). Oldemeyer (1975) introgressed high yield genes from
fodder beets into cultivated sugar beets, but 1ittle progress resulted.
Meredith (1977) found fiber strength was increased with 1ittle reduction
of yield in the cross of a tri-species Gossypium hybrid with G. hirsutum.

Rajhathy et al. (1963) postulated that interspecific hybrids in
Hordeum may extend the growing area of barley via improved winter hardi-
ness and drought tolerance. Wild Saccharum species have been intro-
gressed with cultivated sugar cane (Saccharum officinarum L.) to improve
drought and cold tolerance, erectness, vigor, sugar content, and tiller-
ing since the late 1800s. (Panje, 1972; Dunckelman and Breaux, 1972a, b;



Nalker, 1972). Efron and Everett (1969) found teosinte (Zea mexicana)
tended to reduce the vigor of corn hybrids as the proportion of teosinte
germplasm increased, but teosinte and Mexican corns were excellent
sources of genes for improving stover dry-matter production.

Rick (1974) increased the soluble-so)ids content of the cultivated
tomato by 40% by introgression of genes for high-solids content from
L. chmielgwskit (L.). Epstein ot al. (1979) found that a cross between
domesticated tomato and a salt-tolerant L. cheegmanii (L.) produced
fruit at 70% seawater.

Hammons (1970) registered ‘Spancross’', a selection from a cross of
Arachis hypoges (L.) var. Argentine with the wild species, A. monitcola
(L.), which yielded 3.5% more than the cultivated parent. Stalker et al.
(1979) selected four lines with yields 56-68% more than the cultivated
parant in a cross of a Tow-yielding peanut cultiver with a wild diploid
relative.

Reeves (1950) recovered lines from a cross of teosinte with a maize
inbred that yielded 20% more than the inbred parent, and Reeves and
Buckholdt (1964) selected lines from a cross of maize and Iripsacum
that had higher yields than the maize inbred. Mo lines had a higher
testcross and two of the high-yielding 1ines showed the influence of
Iripsacum genes on morphological traits.

Campbell and Frey (1972) increased the genetic variation for protein
content in oats via interspecific crosses. Lawrence and Frey (1976), in
a study of the inheritance of yield in A. sativa x A. sterilis matings,
found that the weedy parent contributed about one-third of the plus



factors segregating for grain yield. Blocthc and.Frey (1978) showed that
increased grain yield of A. gtcrms:dorind Tines was due to greater
leaf ares and leaf-ares duration. She postulated that A. sterilis
contributed efther leef growth and/or growth rate genes. Takeda et al.
(1979) found greater genetic variation for growth rate index in inter-
specific matings of A. sativa and A. sterilis than in Intraspecific mat-
ings. Interspecific matings generally gave transgressive segregates with
higher growth rates, but there was specific nicking among parents in
either intraspecific or interspecific matings. Murphy and Frey (1984)
found means and genetic vartances for grain yield were lower in multiple-
parent oat populations with 12.5% wild germplasm than in populations
derived from cultivars only. About 15% and 26% of lines from inter-
specific and Intraspecific populations exceeded the highest-yielding
parent. They concluded that for short-term use, a breeder should use
only adapted oat lines as parents, but for long-term goals, the wild
relatives were useful as gene sources.

Cox (1979) and Frey (1977) introgressed high-protein content and
Thro (1982) introgressed high groat-ofl content from A. sterilis into
A. sativa. Kuenzel (1982) found high-protein lines of oats with im-
proved yield and acceptable agronomic characters from interspecific
crosses as well. Thomas et al. (1980) crossed A. magna (L.), a tetra-
ploid, with A. sativa, a hexaploid, to improve protein content of A.
sativa. There was good chromesome pairing in the backcrosses to A.
sativa, and 80% of the backcross progeny had protein similar to A.



magna (32.4%). One plant had seeds 10% heavier than A. magna, with the
desirable hull percentage of A. sativa.

Rodgers (1982) introgressed Hordeum spontaneum germplasm into H.
vulgare to produce a population of random acon- through Bc‘Fz-deer
Tines. Transgressive segregation among scz-sc‘ lines for high yleld
ranged from 1.7% to 9.6% for nine H. spontaneum parents. Some matings
produced high-yielding 1ines despite having low means. aco breeding
value predicted the percentage of high-yielding progeny in the Bcz to
BC, quite well.

Interracial matings of sorghum in the scz to ac‘ were shown by Cox
et al. (1984a) to produce 1% transgressive segregates. One line from a
mating involving race verticilliflorum had a 15% yield advantage and com-
parable plant height but earlier maturity than the cultivated parent.
The greatest number of high-yielding lines were found in the BCQ. Cox
and Frey (1984) postulated that a regulatory mechanism in the wild sor-
ghums may influence the value of wild x cultivated crosses. Therefore,

the plant breeder must evaluate progeny from matings rather than the wild
accessions per se when choosing parents for interspecific matings. Back-
crossing or recurrent selection would be necessary to lower the frequency
of regulatory alleles.

Overall, the wild and weedy relatives have been useful sources of
genes for improving cereal crops. Because wild sorghums have a regula-
tory mechanism to maintain gene complexes necessary for survival (Cox
and Frey (1984), the complexes of traits associated with domestication
on one hand and survival in the wild on the other must undergo recombina-
tion to obtain acceptable introgressed progeny.



Trait associations in wild and cultivated populations and their hybrids
Oka and Morishima (1971) grew perennial and annual wild rices (Oryza

sativa L.), hybrids between O. perennis and 0. sativa, and indica and
Japonica cultivars to study the process of domestication in cultivated
rice. The wild population contained desirable alleles for cultivation
that increased in frequency when selected. They coined the term “culti-
vation pressure® to denote selection for these alleles. The bulk method
of plant breeding asserted greater “cultivation pressure" than the pedi-
gree method. The bulk population caused rapid change to cultivated
types, especially for the nonshattering trait and domestication scores;
however, grain weight did not change, even though the intra-population
genetic varfability decreased. Progeny derived via pedigree breeding
gradually resembled either the wild or the cultivated types, whereas the
bulk method eliminated the wild traits, and rapidly produced a homogeneous
population. Oka and Morishima (1971) found that hand sowing increased
cultivated traits while naturally sown populations remained wild.

Cox et al. (1984b) concluded that grain yield could be improved
independently of “wild" or “cultivated" trait complexes in interracial
matings of sorghum. specific traits that Belliard et al. (1980) found
that distinguished between cultivated and wild forms of pear] millet
were tillering rate, tiller numbers, rate of leaf senescence, certain
flag leaf characteristics, diameter of the peduncle, 100-grain weight,
grain hardness, grain shape and color, rachis length, number of bristles,
and length of bristles.
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Pernés et al. (1980) used principal component analysis on data
from F, families of the matings made by Belliard et al. (1980). The
primary axis was weighed heavily by traits associated with photoperiodic
sensitivity. Tin secondary component was the axis aof domestication,
with high and low component scores associated with wild and cultivated
type spikelets. The tertiary axis was composed of grain and tillering
characters. Introgressed l-'z progeny had normal fertility and develop-
ment. One parent, 'Massua', had diverged further from the wild than the
other two. They grouped the traits into four gene structures:
Morphological structures, photoperiodic sensitivity, spike and grain
characteristics, and tillering organization. Shedding, aristation,
presence of glumes, and the threshing ratio were determined by four in-
dependent genes. oucstjcatiou traits were disseminated on several axes
with most of the nﬁmo accounted for by parental combinations.

Marchais and Tostain (1984) crossed two wild millets and two cul-
tivated pearl millets, and found a distorted segregation of the wild
floral traits and esterase genes had resulted from pollen with wild
alleles being more competitive than pollen without wild alleles. Linkage
occurred between the esterase allele for 6.0.7. allozyme, pubescence, and
pedicel length of the floral involucre.

Problems inherent in the introgression of genes from wild species
into cultivated gene pools may be the association between desirable and
undesirable alleles. Ouring domestication, these undesirable alleles
were eliminated without concurrent elimination of the desirable ones.
The traits changed with domestication have been identified in a number
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of crops and in most crops the alleles determining these traits were
not found to be 1inked with desiradble alleles from the wild populations.

Organization of the Pennisetum americanum subspecies

The Pennisetum americanum species has been organized into three
subspecies by Brunken et al. (1977). The wild progenitor {is P. ameri-
canum subsp. monodii (Maire) Brunken, which produces fully sterile
hybrids with cultivated millet. It is characterized by the absence of
the involucral stalk, small seed size, elliptical seed shape, long
fertile Temmas, and short inflorescences. It grows in the Sahel zone
of Nest Africa, from Senegal to cestral Sudan, and the central highlands
of the Sahara, where it 1s a natural colonizer.

P. americanum subsp. stenostachyum (Klotzch) Brunken is a “mimic*

. weed called "shibra® which cannot be distinguished from cultivated types
before flowering. Shibras disperse seed through callus formation. They
resemble cultivated millets in gross morphological characteristics, but
are intermediate for seed traits. Shibras are found with cultivated
millets except in zones where millets were introduced recently.

Cultivated pear] millet, P. americanum subsp. americanum (L.)
Leeke, differs from wild types and shibras in the absence of callus
formation at matyrity. Ouring domestication seed and inflorescence
. sizes have increased, but floral bracket length has decreased. Culti-
vated pearl millet grows from Senegal to South Africa, northeast India,
portions of the Arabian Peninsula, Spain, southwestern U.S.A., and
Australia, but greatest variation is found in the Sahel zone. Hybrid

swarms occur at the margins of cultivated fields where crosses and



12

backcrosses between wild and cultivated millets give shibras. Shibras
are stabilized and cannot survive without the crop.

The cultivated millet is a myriad of highly vartable and locally
restricted races. This variation resulted from domestication, migration,
and local selection in the Sahel zone of Nest Africa.

Explanation of Thesis Format

This thesis contains five sections. Section I is a comparative
growth analysis of cultivated pear) millet and 1ts weedy and wild rela-
tives. Section Il 1s a summary of the association of certain physiologi-
cal traits within cultivated pear) millet and 1ts weedy and wild rela-
tives. Section III is a study of the means, varfances, and frequency
distributions of grain yield, growth rate, and a number of physiological
traits in matings of two pearl millet inbreds with an exotic accession,
8 weedy accession, and a wild accession. Section IV presents a study of
trait associations in these populations.

Each section is in the form of a complete paper that will be sub-
mitted to a professional journal. Appendices to all sections appear at
the end of the dissertation. Appendices and any reference to them will
not included in the published papers. A General Conclusion and Discus-
sfon will follow Section IV. References cited in the General Introduc-
tion and the General Conclusion and Discussion are listed in Additional
References Cited, which follows the General Discussion. This format is
authorized on p. 6 of the 1981 edition of the lowa State University
Thesis Manual.
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SECTION I. GROMTH ANALYSIS OF PEARL MILLET AND ITS WEEDY AND NILD
RELATIVES
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ABSTRACT

In a study of pearl millet (Pennisetum americanum (L.)) and
its weedy and wild relatives (ssp. stenostachyum (Klotzch) Brunken
and ssp. monodii (Zaire) Brunken); respectively, Brame)-Cox et al.
(1984) found that the wild relative had a significantly higher

growth rate than 15 cultivated or weedy genotypes. The latter 15
genotypes did not differ significantly for growth rate. In this study,

these same 16 genotypes of pear) millet were examined for traits
associated with growth rate, namely, crop growth rate, relative growth
rate, net assimilation rate, relative leaf-area growth rate, and leaf-
area ratio. The 16 genotypes were assigned to five groups according to
origin, and group means were examined for these traits in five growth
periods from 21 days after emergence to physiological maturity in each of
two seasons. In the dry season, the greater growth rates of the wild
relative and the African landraces resulted because leaf-area develop-
ment extended longer into the season. The greater growth rate of the |
wild relative in the wet season was caused by extensive early leaf-area
development and rapid growth of the shoot before flowering.



15

INTRODUCTION

Bramel-Cox et al. (1984) found that growth rates of cultivars,
hybrids, and relatives of pearl millet (Pennisetum americanum L.) were
similar, but a wild pear] millet accession had growth rate significantly
higher than those of the other entries. Differences in growth rate
(CGR) of crop plants can be due to differences in leaf-area index (LAl),
net assimilation rate (NAR), leaf-area ratio (LAR), relative growth
rate (RGR), and 1eaf-area duration (LAD).

Natson et al. (1963) found that winter wheat (Triticum aestivum L.)
had higher CE6R and LAl than spring wheat until ear emergence, but at
ear emergence, they did not differ, and after emergence, leaf
senescence was slower in spring wheat. Davidson (1965) suggested that
leaf photosynthetic activity and distribution of assimilates before ear
emergence in wheat determined the potential grain yield of the crop,
whereas events after ear emergence determined the degree to which
this potential was realized.

Nilliams et al. (1965, 1968), and Duncan and Hesketh (1968) con-
cluded that CGR in the vegetative growth phase was directly related to
to LAI in maize (Zea mays L.). In a study by Muramoto et al. (1965),a
high rate of leaf-area development led to an early attainment of
maximum LAl and greater growth duration and grain yield in two species
of cotton (Gossypium hirsutum L.) and their hybrid. And Baker and
Gebeyehou (1982) found that high CGR during early growth and high LAD
after anthesis gave high grain yield in spring wheat and barley
(Hordeum vulgare L.). Blosthe-Helsel and Frey (1978) studied oat
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cultivars and 1ines selected from matings of Avena sativa and A. ster-
j1is L. and found no differences in CGR during early growth; however,
after anthesis, the selected 1ines had LAD superior to the recurrent
parent, which resulted in greater grain yield.

Gibson and Schertz (1977) concluded that the sorghum (Sorghum
bicolor (L.) Moench) hybrid RS610 had a higher CGR than 1ts parents due
to greater LAl up to 45 days after emergence and greater NAR during
grain filling. Watson and Witts (1963) concluded that current sugar
beet (Beta vulgare L.) cultivars produce high dry matter as a result
of the introgression of genes for high LAl and NAR from their wild
relatives.

Buttery and Buzzell (1972) found that soybean (Glycine max (L.)
Merrill) lines selected for increased yield had greater NAR and de-
creased LAR, LAl, dry weight, and shoot/root ratio than did the dis-
carded ones. Selection showed no effect on R6R and relative leaf-area
growth rate (RLAR). Nallace and Munger (1966) showed distinct dif-
ferences for RGR among dry bean (Phaseolus vulgare L.) cultivars, and
no physiological trait was correlated with biological or economic yield.

Generally, variation in CGR can be explained by differences in
LAI, LAD, or NAR, and occasionally, increased CGR contributes to in-
creased economic yield. The objective of this study was to compare
CG6R and its component traits, RGR, NAR, LAR, and RLAR for cultivated
pear] millet with its weedy and wild relatives.
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MATERIALS AND METHODS

The material for this study consisted of 16 cultivated, weedy,
and wild genotypes of pearl millet (Table 1). They belong to four
groups: four Indfan hybrids (HYB), four Indian varieties (VAR), four
African landraces (AFR), and one wild and three weedy accessions (WW).

Experimental Methods
Genotypes were evaluated in two experiments, one grown in January-

April and the other in June-September, 1981, at the International Crops
Research for the Semi-Arid Tropics (ICRISAT) near Hyderabad, India.
Each experiment was conducted in a split-plot arrangement of a random-
12¢d complete-block design with four replicates. Genotypes were planted
in whole plots that each consisted of four rows 9 m long with 75 cm

- between the rows and 10 cm between plants within rows. Subplots were
harvest dates and each consisted of an area of 1.125 o of competitive
plants within the two center rows. Subplots were separated from one
another by a border of 0.30 'Z Plant population was 130,000 plants
per ha.

The dry-season (January-April) experiment was sown, irrigated, and
emerged on 20, 21, and 26 January, respectively. Plots were watered by
furrow irrigation every 14 days until 1 March, after which they were
frrigated at 10-day intervals until final harvest. At each irriga-
tion, ca. 30 mm of water was applied. Daylength during this experiment
averaged 12.3 hr. At sowing, day and night temperatures were 30 and
15C, respectively, and near termination they averaged 38 and 23C,
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Table 1. Area of adaptation or origin, maturity, and group for 16
genotypes of Pennisetum americanum

Genotype :g‘::::}:" Maturity and group

1CH-162 Indfa Late hybrid (ssp. ricanum
1CH-412 India Late hybrid (ssp. amerkmm
MBH-110 India Early hybrid (ssp. mr canum
8J-104 India Early hybrid (ssp. americanum americanum
NC-C78 India Early variety (ssp. america
1(ns-7819 India Early variety (ssp. mr!cam
1CHS-7703 India Late variety (ssp. americanum ca
1CHS-7937 India Late variety (ssp. amer canun
P=242 Mali Late landrace (ssp. america
H-70-1 Tanzania Early landrace (ssp. _a_n_,%?
Ankoutess Niger Late landrace (ssp. mri;
SAD-222 Malawi Early landrace (ssp. america

P-28111 Niger Late weedy ssp. sgnosng%zg
P-9461 g:sis Early weedy issp. ;
P-2701 Mal{ Late weedy issp. stenostachyum)
Nild- Birkina wild $Sp. MO

Upper Volta  Fasso

respectively. The rainy-season (June-September) experiment was sown,
irrigated, and emerged on 20, 21, and 24 June. Daylengths averaged
13.4 hr. Temperatures were fairly stable at 30C for days and 22C for
nights. Mo irrigation was needed for the wet-season experiment.

Plant dry weight at a given harvest date was determined by cutting
all plants in a subplot at ground level, drying them at 75C for 36 hr,
and weighing them. After flowering, the harvested biomass was divided
into vegetative and reproductive portions, and dry weights were taken
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on the two portions separately. All dry weights were converted to
g;/m2 for analyses.

Leaf area was determined on the harvested sample at each harvest
date. First, leaves and stems from all culms were separated, and a
subsample of green leaves or green portions of leaves, amounting to
ca. one-quarter of the total sample, was measured on a Lambda L13000
leaf-area meter with a LI3050A conveyer belt assembly. To convert a
subsample to subplot leaf area, the subsample value was multiplied by
the ratio of subsample:subplot dry weights. LAl was computed as leaf
ares in w® divided by 1.125 w?, the land area of a subplot.

Harvests in both experiments were begun 21 days after seedling
emgrgence and continued at l4-day intervals until physiological maturity,
which gave five harvests for each genotype. Physiological maturity of
primary panicles was recorded (in days after emergence) when the grain
black layer appeared. Sampling seasons were 16 February to 23 April for
the dry-season experiment and 15 July to 18-28 September (depending on
genotype) for the rainy-season experiment.

Days to flowering was recorded as number of days from emergence
to the date when 50% of the panicles on primary culms in a plot had
stignas completely ewerged.

Statistical Amalysis
The dry weights and leaf areas were used to compute crop growth
rate (CGR), relative crop growth rate (RGR), net assimilation rate (NAR),
and leaf-area ratio (LAR) by using the methods of Radford (1967).
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Relative leaf-area growth rate (RLAR) was calculated by using the
method of Buttery and Buzzell (1972).

Variance analyses for the data collected during the dry and wet
seasons were conducted separately because a strong genotype » season
interaction occurred.

Profile analyses (Johnson and Wichern, 1982) were conducted on
C6R, RER, NAR, LAR, and RLAR over growth periods. This analysis was
used to determine whether differences among growth patterns of geno-
types were significant. The basic mode! for each trait was:

X,J = byy *+ By 8j + 61 632 + ‘ij

X3 = value of the ith entry in the jth growth period

by ™ overall mean

Gj = growth period number

€gq * error deviation

si s Jinear coefficient for the ith entry

6‘ = quadratic coefficient for the ith entry

The analysis was conducted within groups of genotypes to test the
significance of the 1inear and quadratic coefficients, and among groups
to test the significance of differences between coefficients of dif-
ferent groups. The null hypothesis Hy: 81 =8, = 83 * By * 0 and

61 3 62 = 63 = 8, = 0 was tested first. This Ho may be written in
matrix form as

39° Cxr Brup Bouy = Yy
where C and B 300 contrast matrices and g is the parameter matrix. C

compares rows of the 8 matrix, and M comparas columns of the 8 matrix.
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To calculate an F-value to test the significance of the null hypothesis,
a Ni1k's Lambda, which 1s related to a 1ikelihood ratio criterion, was
calculated. WNilk's Lambda 1s equal to:

Ve |El/IH+El,
where E and H are the error and model sums of squares and cross products
matrices, respectively. This Nilk's Lambda can be converted to an F-
value by:

Fodaty (d2l)  here
'} m+l

'..(L_'_‘z.‘)_i and d.g-!’;g-l

with (2m + 2, 2d + 2) d.f.

If the quadratic term was not significant it was deleted from the
model and a new hypotheses, ilc':s1 . az . 63 - 84 * 0 was tested; if the
quadratic term was significant the model including both terms was used to
test the significance of the linear term. Once the degree of significance
for both terms was determined, a test of slope differences was conducted
with the null hypotheses Ho:a1 s 92 - 83 = By and 61 = 62 = 63 *$ 4
Nhether the quadratic term was included in the model depended upon
whether it was significant or not.
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RESULTS

The 1inear and quadratic coefficients were significantly different
from zero for all genotypes for all traits. The within-group F-values
for models 1 and 2 applied to CGR, RGR, NAR, RLAR, and LAR from the dry
and wet seasons are presented in Table 2. A significant F-value indi-
cated slope heterogeneity among the entry regressions for a trait within
a group. Heterogeneity of regressions was found in the dry season for
all traits in the VAR group, for CE6R, RGR, and LAR in the HYB group,
for LAR in the AFR group, and for RGR, RLAR, and LAR in the WN group
(Table 2). In the wet season, heterogeneity was found for RER, RLAR, and
LAR in the HYB group, for LAR in the AFR group, and for CGR, NAR, RLAR,
and LAR in the WN group.

CGRs of HYB and VAR groups were similar in the dry season and
changed 1ittle over growth periods (Fig. 1). CGR for the NEED group
increased to a maximum in period 3, decreased in period 4, and increased
again in perfod 5. AFR and NILD groups had the lowest CGR in period ] and
increased gradually to a maximum at period 4, when they had the highest
CGRs recorded. In the among-group comparisons (Table 3), there were
significant differences for NILD vs. other entries for periods 1 and 4.
AFR differed significantly from HYB and VAR in periods 1, 3, and 4.

In the wet season, AFR, NEED, and VAR groups had similar patterns
for CGR over growth periods (Fig. 1). Their C6Rs increased to period
3, and decreased in period 4, and remained constant in period 5. CGR
of the WILD group, which was the lowest of any group in period 1, was
the highest of all groups in periods 2 through 5. HYB group had a



Table 2. F-value and significance of Model 1 (linear coefficient homogeneity) and Model 2
(quadratic coefficient homogeneity) for CGR, RGR, MAR, RLAR, and LAR in the wet and

€2

dry seasons
Dry season
Nodel 1° Model 2°
Traits HYB VAR AFR ™ HYB VAR AFR W
CGR 3.6% 3.8* 1.3 0.1 2.9 5.8* 0.7 2.9
RGR 6.3% 8.8%* 0.6 4.5* §5.2%* 9.9+ 0.4 0.1
NAR 0.6 10,7+ 1.2 2.6 0.5 16.7%* 0.9 2.8
RLAR 1.8 5.8%* 3.3 4.1* 1.9 6.8%* 0.6 4.2*
LAR 3.7 3.4 10.5% 11.8%* 0.6 1.1 2.2 0.9
det season
CGR 0.6 0.3 0.7 5.3 0.8 1.1 0.3 2.1
RGR 4.1* 0.1 0.6 2.9 3.4 1.0 0.5 2.8
NAR 0.8 1.2 2.2 1.8 2.4 2.1 1.0 3.9+
RLAR 4.4* 0.3 0.1 4.7* 5.6%* 2.9 0.7 3.9%
LAR 7.4 1.6 10.8** 3.6* 3.8* 1.5 0.9 0.7

% Nodel 1 = Hy: 8 = 8, = By = 8.
b . E 4 L d
Model 2 = uo al 62 63 64.
*, ** Significance at 0.05 and 0.01 levels, respectively.
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nearly constant CGR in perfods 2 through 4. In the between-group
comparisons (Table 3), the only significant di fferences for CGR were
between NILD vs. others in periods 1, 2, and 5.

HYB, which showed similar CER profiles in both seasons, had a
relatively constant CGR in all perfods. NEED and VAR groups had maxi-
mum CGRs in period 3 in both seasons; AFR reached maximum CGRs in
periods 3 and 4 in the wet and dry seasons, respectively.

RGRs of all groups were similar over the entire dry season
(Fig. 2), with a gradual decrease from one period to the rest. NILD,
NEED, and AFR differed significantly from HYB and VAR and from each
other in period 1 (Table 3). In periods 3 and 4, AFR differed signif-
icantly from HYB and VAR. In the wet season, WEED, AFR, HYB, and VAR
groups had similar RGR profiles, whereas NILD was very different,
especially in the early growth perfods. This group had the Towest RGR
in period 1, and the highest in period 2. After that, its pattern was
similar to those of the other groups. This pattern difference is
verified by between-group comparisons (Table 3) where the RGR pro-
files of AFR, HYB, and VAR were similar, but differed significantly
from NILD in periods 1 and 2.

For NAR, RLAR, and LAR, no data could be computed for period 1
the dry-season experiment because leaf-area measurements were not taken at
that sampling date. In the dry season, the patterns for NAR, RLAR, and
LAR were similar except in period 5, when NARs of VAR, HYB, and WILD
increased but those of AFR and WEED decreased (Fig. 3). No significant
differences occurred for NAR in the dry season (Table 3). In the wet
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h period and season separately

Significance of the among-group comparisons for CGR, RGR, MAR, RLAR, and LAR for each

Table 3.

growt

Met season

Ory season

Growth period

period

Growth

Comparison

Trait

fn.s.

WILD vs. Rest

RGR

MEED vs. Cult.
HYB, VAR vs. AFR
HYB vs. VAR

27

MILD vs. Rest

NAR

MEED vs. Cult,
HYB, VAR vs. AFR
HYB vs. VAR

WILD vs. Rest

RLAR

HYB, VAR vs. AFR
HYB vs. VAR

MEED vs. Cult.

L

ol

&k

WILD vs. Rest

LAR

HYB, VAR vs. AFR
HYB vs. VAR

MEED vs. Cult.

8 Nonsignificant,

*, ** Significant at the 0.05 and 0.01 levels, respectively.
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season, all groups except WILD had similar profiles for NAR at all
harvests. HYB and NILD showed a leveling-off of NAR in periods

3 through 5. The NILD entry had the lowest NAR in perfod 1 but its NAR
increased greatly in period 2. Between-group comparisons (Table 3)
verified that the difference between NILD and other entries was signif-
fcant in perfods 1 and 2. Also, AFR showed a significantly lower NAR
than HYB and VAR in period 1. In both seasons, all groups except WILD
had similar profiles for NAR.

In the dry season, RLAR decreased gradually to minimum values in
period 4 or 5 for all groups oi‘ entries (Fig. 4). Between-group compari-
sons (Table 3), however, did show some cases of significant differences
at individual growth periods. NILD was significantly different from
other entries in the last three perfods, whereas NEED was significantly
different 1n period 4. AFR differed significantly from HYB and VAR in
periods 2, 3, and 5. In the wet season, WEED, VAR, HYB, and AFR had
maximum RLARS in period 1, followed by gradual decreases over the re-
maining periods. WILD had a relatively constant RLAR over all periods.
Betwaen-group comparisons (Table 3) showed that differences in RLAR
profiles were significant in periods 1 through 3. In both seasons, the
profiles were similar over periods 2 through 5.

In the dry season, LAR profiles were similar for all groups of
entries, i.e., there were gradual decreases over all perfods (Fig. 5).
Between-group comparisons (Table 3) showed that WILD had a significantly
greater LAR in all periods and that AFR, HYB, and VAR differed signif-
icantly. In the wet season, all groups except WILD had gradual and
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similar decreases in LAR. WILD had the same profile as other groups

for periods 2 through 5, but in perfod 1 1t had & much greater LAR.
Between-group comparisons (Table 3) verified that NILD had a signifi-
cantly higher LAR in perfods 1 and 4. Although the differences in LAR
were small, AFR did differ significantly from HYB and VAR in periods 3
and 4, and HYB differed significantly from VAR in period 4. For periods
2 through 5 all groups had similar profiles in both seasons. WILD had
the highest LAR in all perfods.

In susmary, the NILD group tended to have a pattern of development
different from those of all other groups of entries, as exemplified by
differences in CGR, RGR, and NAR in the first two periods and in LAR and
RLAR in perfod 1. VAR, HYB, AFR, and NEED groups had simflar profiles

for all traits.
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DISCUSSION

Whereas significant differences occurred among groups of pearl
millet entries for profile patterns of CGR, RGR, NAR, RLAR, and LAR over
the growing seasons, the only major difference was between WILD and
other groups. The NEED group closely resembled the cultivated groups,
HYB, VAR, and AFR, probably because 1t grows pannictically with the
cultivated crop, and thus has opportunity for gene flow between between
the two groups. Also, a weedy millet's survival may depend upon its
ability to mimic the cultivated crop. These results corroborate those
of Bramel-Cox et al. (1984), who showed that the WILD entry differed
significantly in overall growth rate from all other entries in both wet
and dry seasons. They found, however, that significant variation
occurred among the other groups for growth rate in the dry season.

The NILD relative develops in a mixed stand where early seedling
establishment may be critical to its survival. Rapid establishment
would require that an extensive root system be established early to meet
vegetation requirements for water and nutrients later in the growing
season. Once the root system has been adequately established, a rapid
vegetative growth can be supported with water and nutrients. This
growth pattern might not be selected for in the cultivated crop, which
is grown in pure stands: thus the WILD and cultivated pearl millets
would be expected to differ in their growth patterns, especially in the
early periods in the wet-season experiment. The results of this study
give strong evidence that growth patterns of the WILD entry closely
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resembled the scenerio postulated as necessary for its survival in the
natural environment.

In the wet season, the measurements for CGR, RGR, NAR, and RLAR
indicate that the NILD entry did not increase its vegetative dry
weight and leaf area proportionately in perfiod 1. CGR, RGR, and NAR of
the NILD were greater in period 2 than in period 1, but LAR was lower
and RLAR was the same. So in period 2, there was a rapid accumulation
of vegetative dry matter without a proportionate increase in leaf area.
RLAR remained the same over all harvests, which means that high leaf
area was established early in the growth cycle and its rate of develop-
ment was constant over the entire season; thus, the WNILD entry had a
greater assimilatory capacity per unit of time or per unit of dry weight
in the second period when there was competition for assimilate between
stem and reproductive organ development.

Rapid vegetative growth ceased for all millets when the reproduc-
tive stage occurred. And all traits that measured vegetative development
nearly ceased in periods 3, 4, and 5 for all groups of entries. However,
note that the WILD entry always had the highest valups for these traits
in periods 3, 4, and 5. Therefore, one can hypothesize that the greater
growth rate and final biological yield of the WILD entry resulted be-
cause it had greater early leaf area and root establishment, which
permitted greater vegetative growth during the critical period before
flowering, when the “fixed capital” (Brame) et al., 1984) of the plant
was established. The greater “fixed capital” provided more capacity
for reproductive growth.
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The pattern of development in the WILD pearl millet could be
useful in cultivated varieties and hybrids in which seedling establish-
ment often 1imits grain yield. Rapid root growth coupled with acceler-
ated vegetative growth before flowering would result in a greater
assimilatory capacity before reproductive growth. This greater
assimilatory capacity coupled with efficient partitioning to the
reproductive organs could result in a greater economic yield despite
the limited growth duration of this crop.

The differential patterns for CGR and its component traits in the
wet and dry seasons must have resulted from envirormental differences
between the two seasons. In the dry season, the early part was cool
and no differential photoperiodic response would have occurred among
entries. The greatest differential between seasons for CGR occurred be-
twaen AFR and NILD. The AFR and WNILD groups had similar growth patterns
in the dry season, but in the wet season they differed greatly.

The differential patterns of the NILD entry in the two seasons
were 3 product of environmental differences in the wet and dry seasons.
The dry season is characterized by cool early season temperatures which
may have slowed early vegetative and root growth with consequent limi-
tation on water, nutrients, and assimilates. As a result, CGR showed
a steady increase to a miximum in period 4. In the wet season, when
temperatures were warm and water abundant, its maximum occurred by
period 2. These differences in growth patterns of the WILD in the two
seasons could explain the results of Bramel-Cox et 3). (1984) where the
WILD differed significantly from all the other genotypes for growth
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rate in the wet season but was similar to the AFR genotypes in the dry
season.

The results of the dry season experiment may be applicable only
in an irrigated environment where it is possible to extend the growing
season and take advantage of high solar radiation. Since most millet
production 1s in the wet season under rainfed conditions, the dry
season results may not be applicable for the normal production of
pear] millet.
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SECTION 1I. GRONTH CHARACTERISTICS OF GENOTYPES OF CULTIVATED PEARL
MILLET AND ITS WEEDY AND NILD RELATIVES
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ABSTRACT

The potential of a germplasm source for improving production in a
crop may be assessed in two ways. With one, representative genotypes
of the potential sources are mated to the crop species to assess their
value as parents for improving certain traits. The second makes a com-
parison by measuring traits on the various entries per se. This latter
method was used to evaluate 16 genotypes of pearl millet representing
four groups of genotypes--adapted-cultivated genotypes, unadapted-
cultivated genotypes, weedy relatives, and wild relatives--in two dif-
ferent seasons. Traits measured were growth rate, biological yield,
grain yield, harvest index, days to flowering, two measures of tillering
type, seed weight, and threshing percentage. Means and mean squares were
compared and the correlations among these traits were assessed with their
degrees of relationship of genotypes held constant.

It was found that little variation occurred among adapted-cultivated
genotypes for any trait. The wild and weedy relatives were greater than
the cultivated entries for certain traits and lower for other traits.
These relatives may serve as sources of genes for improving biological
yield, grain yield, and growth rate of cultivated pear] millet. Few
significant correlations occurred between grain yield and the other
traits in the 16 genotypes.
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INTRODUCTION

The potential of exotic sources of germplasm, 1.e., unadapted
populations or wild or woedy relatives, for improving adapted, desirable
cultivars of a crop species, makes use of two experimental procedures.
Nith one, matings between adapted and exotic types are evaluated (Frey
et al., 1984). With the other, exotic sources per se are compared with
the adapted, cultivatad type for traits of interest.

Evans and Dunstone (1970) compered hexaploid wheat with its tetra-
ploid and diploid progenitors, and found that increased grain and leaf
size and higher harvest index were the dominant physiological changes
that caused increased grain yield during the evolution of cultivatad
wheat (Triticum aestivum). El-Sharkawy et al. (1965), who studied
Gossypium species with different genomes and ploidy levels, found that
all species had similar photosynthetic rates, but those with higher dry
weight production had greater leaf aress.

From an evaluation of a salt-susceptible cultivated tomato
(Lycopersicon ssculentum) and four wild ecotypes (L. spp.) that were
salt tolerant, Rush and Epstein (1976) found that the wild accessions
had a common, but unique, mechanism for controlling the effect of Na in
the leaves. Further, nine species of wild tomatoes had a different
pattern of ripening than did the cultivated tomato (L. esculentum)
(Grumet et al., 1961).

In this study, a number of growth characteristics were measured on
four types of millet; two were cultivated (Pennisetum americanum ssp.
americanum), one adapted and one unadapted to India; one was a weedy
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relative (P. americanum ssp. stenostachyum (Klotzch) Brunken), and one
was a wild relative (P. americanum ssp. monodii (Maire) Brunken),
adapted to the drier regions of Africa. The objective was to compare
and evaluate several growth characteristics, fncluding growth rate, of
genotypes of these four millet types, to assess their value as sources
of improvement for grain yield and these associated traits.
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EXPERIMENTAL PROCEDURES

Materials
The materials for this study were the 16.genotypes of pearl millet
given in Table 1. The millet genotypes included eight Indian hybrids
and cultivars, four African landraces, and one wild and three weedy
accessions. These categories of genotypes generally exhibited the
characteristics given by Brunken et al. (1977) and Belliard et al.
(1980).

Experimental Hethods

The pearl millet genotypes were evaluated in two experiments, one
grown in January-April and the other in June-September, 1981, at the
International Crops Research Institute for the Semi Arid Tropics, near
" Hyderabad, Indfa. Each experiment wes conducted in a split-plot arrange-
ment using a randomized complete-block design with four replicates.
Genotypes were grown in whole plots, each consisting of four rows 9 m
long, with 75 cm between rows and 10 cm between plants within a row.
Subplots were harvest dates and each consisted of an area of 1.125 m° of
competitive plants harvested from the center two rows of the whole plot.
Subplots were separated from one another by a border of 0.30 nz. Harvest
dates were randomized among subplots within a whole plot. The plant
population for all experiments was 130,000 plants per ha.

The dry-season (January-April) experiment (hereafter denoted D) was
som, irrigated, and omerged on 20, 21, and 26 January, respectively,
Plots were watered by furrow irrigation every 14 days until 1 March.
after which they were irrigated at 10-day intervals until the last
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Table 1. Area of adaptation or origin, maturity, and group for

16 genotypes of Pennisetum americanum used in our study

Adaptation

Genotype or origin Maturity and group
1CH-162 India Late hybrid ssp. americanum
1CH-412 India Late hybrid ssp. americanum
MBH-110 India Early hybrid (ssp. ricanum
BJ-104 Indta Early hybrid (ssp. americanum
WC-C75 India Early variety (ssp. americanum
1CHS-7819 India Early variety (ssp. americanum
ICHS-7703 India Late variety (ssp. americanum
ICHS-7937 India Late variety (ssp. dmericamum
P-242 Mali Late landrace (ssp. ameri cmm]b
M-70-1 Tanzania Early landrace (ssp. americanum)
Ankoutess Niger Late landrace (ssp. mr*fcanu-‘t
SAD-222 Malawi Early landrace (ssp. americanum)
P-28111 Niger Late weedy issp. stenostachyum)
P-9461 g:sis Early weedy (ssp. stenostachyum)
er
P-2701 Nagi Late weedy ssp. stenostachyum)
Wild- Birkina Wild issp. Mo )

Upper Volta Fasso
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harvest. At each irrigation, ca. 30 mm of water was applied. Day-
length during this experiment averaged 12.3 hr. At sowing, day and
night temperatures were ca. 30 and 15C, respectively, but they gradually
increased until harvest, when they averaged ca. 38 and 23C, respectively.
The rainy season (June-~September) experiment (hereafter denoted W) was
sown, irrigated, and emerged on 20, 21, and 24 June. ODaylengths during
this experiment averaged 13.4 hr., and temperatures were fairly stable
at 30C for days and 22C for nights. No irrigation was needed for this
experiment,

The traits measured in this experiment, their abbreviations, methods
used to measure the traits, and their units of measurement are listed in
Table 2. The number of effective basal tillers, total basal tillers,
and aerial tillers were counted on a plot basis from plants harvested
for yield determination. To be classified effective, a tiller had a
mature head at harvest.

Analyses of data were conducted separately for each season because
3 strong genotype x season interaction existed. For analysis, the 16
genotypes were divided into five groups: Indian hybrids (HYB), Indian
varieties (VAR), African landraces (AFR), weedy relatives (NEED), and
wild relative (WILD).
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Abbreviations and method of measurement and units of measure-

ment for the traits measured in this study

Trajt measured Abbreviation Method used Units of measurement
Growth rate 6R method used in g/m?/day
Bramel-Cox et al.
(1984)
Grain yield 6Y glm? converted to  kg/ha
kg/ha
Biological yield 8y 9/.2 converted to kg/ha
kg/ha
Harvest index Hl grain yield/ .-
biological yield
Threshing percentage T™H grain yield/weight -
of heads unthreshed
Days to flowering FLW number of days from DAE
seedling emergence to
the date when 50% of
the panicles in 3 plot
had stigmas completely
emerged
Seed weight N weight of 500 seeds g/500 seeds
Effective basal ETP number of effective -~
tiller ratio basal tillers/total
number of basal
tillers
Aerial tillers per NOP number of aerial -

basal tiller

tillers/total number
of basal tillers
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RESULTS AND DISCUSSION

Means and Variances

Means and ranges for nine traits measured in the wet- and dry-
season experiments are presented in Table 3 for the five groups of
pear] millet, and degrees of significance of mean squares for the
various sources of variation in the analyses of variance are given in
Tables 4a and 4b for the dry- and wet-season experiments, respectively.
The wet season is the normal growing season for pearl millet in most
areas of its production.

In the dry-season experiment, the only source of significant
variation among group means for BY was for AFR vs. IND (HYB and VAR)
(Tables 3 and 4a). Despite the large ranges within groups, no within-
group mean square was significant. In the wet season, all cultivated
entries (both adapted and unadapted) had similar means for BY of ca.
10,000 kg/ha, but the WEED group had 25% greater 8Y and the WILD entry
had a BY more than twice as large as the mean of the cultivated cntrieé.
The WILD entry differed significantly from the mean of all other
entries, and the NEED group differed significantly from the cultivated
group means. Mo significant variation occurred among cultivated entries
within groups (Table 48) for BY, but the WEED group had significant
variation within the group.

In the dry season, mean GY showed a progressive reduction from the
Indian hybrids, which yielded 4791 kg/ha, down to the KILD accession, with
721 kg/ha. Mean squares for among group means were significant for all

comparisons except HYB vs. VAR, and significant variation occurred



Table 3.

The means and ranges for the five groups of genotypes of

pearl millet for BY, 6Y, HI, GR, SN, TH, ETP, NDP, and FLW
when calculated in the dry and wet seasons

Group Season 8y 6Y HI
(ka/ha) (kg/ha)

Indian hybrid (HYB) D Mean 13128 4791 0.37
Range 6129-18335 2439-5856 0.31-0.47

N Mean 10192 3561 0.35
Range 6055-14869  2120-7001 0.28-0.38

Indian variety (VAR) D Mean 12519 4162 0.33
Range 8056-21026 2775-7634 0.32-0.35

N Mean 9891 3622 0.36
Range 8374-11118 2445-5025 0.35-0.38

African landrace (AFR)D Mean 15438 3435 0.22
Range 12315-22176 1913-8264 0.14-0.30

N Mean 10301 2914 0.29
Range 7491-14439 1804-4605 0.21-0.34

Weedy relative (NEED) D Mean 13184 1798 0.15
Range 7665-20869 265-2703 0.07-0.19

N Mean 12632 2301 0.18
Range 8375-15895 146-366 0.12-0.22

Wild relative (WILD) D Mean 15597 721 0.04

¥ Mean 21941 1561 0.07

LSD D 4110 1340 0.06

W 1832 1389 0.06
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Traits
¥ W i WO Fv
—f{o/m /da (/500 seeds
10.12 8.12 0.73 0.39 0.20 47
5.52-14.83 5.79-11.31 0.71-0.75 0.19-0.62  0.15-0.23  35-55
10.34 7.95 0.75 0.42 0.20 46
8.01-17.44 4.56-12.15 0.69-0.78 0.01-0.81  0.00-0.64  38-58
9.14 8.18 0.74 0.30 0.31 48
6.91-13.66 6.95-9.46 0.70-0.77 0.21-0.39  0.21-0.41  40-51
10.44 7.3 0.80 0.27 0.25 47
7.34-13.16 4.36-8.94  0.78-0.82 0.01-0.50 0.00-0.71 42-53
13.71 8.26 0.72 0.24 0.43 53
7.67-25.17 6.11-10.52 0.62-0.87 0.11-0.39 0.18-0.96  49-61
10.61 6.57 0.77 0.34 0.64 58
7.45-17.28 2.7-11.71  0.65-0.83 0.09-0.56 0.00-1.92 42-64
11.45 6.64 0.52 0.37 1.64 51
8008‘1600‘ 3022'9;07 003“0062 0121‘00‘8 0081‘2035 45"60
13.65 5.62 0.64 0.45 1.95 60
90 57-14083 3.‘1‘1087 0.‘8-0. 74 0001'0075 0.26-5.00 50'“
18.56 3.25 0.19 0.72 7 59
16.94 3.36 0.32 0.66 2.83 61
‘- 75 10‘2 00 17 00 15 0-50 .-
3.63 1.19 0.08 0.27 0.7} -~
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Table 4a. Degrees of significance for mean squares from the ANOVA for
eight traits measured on the 16 genotypes in the dry-season

experiment
Trait
d.f. B8y GY Hl GR SN TH ETP  NOP
Entry 15 I R R T T R
Among 4
WILD vs. rest. 1 nsd e e e e e e e
WEED vs. cult. 1 ns, ** W A % W ps,
AFR vs. IND 1 ** ek s, RS NS, T ns,
HYB vs. VAR 1 nN.S. NS, *™  n.s. NS, NS, * NS,
Within 11
HY8 3 n.S. NS, * %  #% g, ¥ ns.
VAR 3 ns. * n.S. NS, NS, NS, NS, NS,
AFR 3 ns. v * pg, ' e *
WEED 2 n.S. N, S, *% ** A% we * badod

® Nonsignificant.

*, ** Significant at the 0.05 and 0.01 levels, respectively.
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Table 4b. Degrees of significance for mean squares from the ANOVA for
eight traits measured on the 16 genotypes in the wet-season
experiment

Trait
d.f. BY 6y HI GR SW TH ETP  NODP

Entry 15 " IR R . ST I
Among 4
WILD vs. rest. 1 0] e A o 2] " e L0
NEED vs. cult. 1 LA LA L v
AFR vs. IND 1 nsd * g m g s, w
HYB vs. VAR 1 n.s. NS, N.S. NS, NS, ¢ T ps,
Within 11
HYB 3 n.S. N.S. N.S. NS, ** LA n.s.
VAR 3 n.s. N.S. Nn.S. NS, N.S. N.S. N.S. NS,
AFR 3 n.s. n.s. * n.s, ¥ W pg,
WEED 2 **  ps, Y psg, * W W

a Nonsignificant.
*, *% Significant at the 0.05 and 0.01 levels, respectively.
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within the VAR and AFR groups. In the wet season, the same comparisons
among group means showed significance as in the dry season, but no
significant variation occurred among entries in any group. Mean GYs
were lower in the wet season than in the dry season for both the Indian
and the African groups, but they were greater for the WEED and WILD
groups.

The progressive reduction in the group means was similar for GY
and HI within both seasons. However, differences in the means for HI
were significant for all groups, whereas for GY, there were no significant
differences between the two adapted types in the dry season. In the wet
season, there was significant variation for all comparisons among group
means except HYB vs. VAR, and the within-group variation was significant
for all groups except HYB.

The NILD entry had the largest GR in both seasons, whereas the AFR
group in the dry season and the NEED group in the wet sSeason had inter-
mediate GRs. In both seasons, the only significant among-group compari-
sons were between the WILD vs. rest and WEED vs. cultivated (Tables da
and 4b). Significant within-group mean squares occurred for the HYB and
WEED groups in the dry season. The significant relationships among
groups were similar for GR and BY in the wet season.

Takeda and Frey (1977) showed that biological yield was the product
of growth rate and growth duration: Therefore, an increase in GR when
growth duration is held constant would be expected to increase BY.

This relationship was found to exist for the cultivated groups in both
seasons, but for the WEED and WILD groups there were inverse
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associations between GR an& BY when compared across seasons.

A1l cultivated groups had similar means for SN in the dry season,
whereas NEED was intermediate between the cultivated and WILD groups.
The small seeds produced by the wild and weedy relatives would be an
undesirable trait for varieties and hybrids. Both the AFR and HYB
groups had significant within-group mean squares, but the largest-seeded
entry was in the HYB group. In the wet season, the SW means of the AFR,
WEED, and NILD groups were significantly smaller than those of the HYB
and VAR groups.

The weedy and wild relatives had low threshing percentages. In the
wet season, the WEED and WILD groups had higher mean THs than in the dry
season, but they were still at an undesirable level. This lower TH was
indicative of the presence of bristles and small seeds in these two
groups. ' '

Brunken et al. (1977) have described the African landraces as
having one primary spike with several noneffective tillers, and the
Indian varieties and hybrids as having a primary spike with several ef-
fective tillers. In this study, the proportion of effective basal
tillers was only slightly, though significantly, different between the
Indian and African types. The mean ETP of the wild entry was high,
which may indicate that this entry had a better partitioning of resources
between the primary spike and tillers, so that a greater proportion of
the basal tillers contributed to yield. The WILD entry might contribute
genes that could improve this trait in cultivated millet, where only
20-40% of the tillers contribute to yield. The ranges for ETP were
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greater in the wet season than in the dry season for all groups, indi-
cating a more variable response among entries in the June-September
season,

In both seasons, the HYB and VAR groups had similar and low values
for NDP, as shown by the nonsignificant mean square for HYB vs. VAR, and
the group means (Table 3), respectively. The AFR group did not differ
from the HYB and VAR groups in the dry season, but it differed signifi-
cantly in the wet season. The WEED and WILD groups had the largest NOP.
Aerial tillers are not desirable except when the sink is limited by a
Tow number of basal tillers or when a long and favorable growing season
occurs. In the cultivated types, only 20-40% of the basal tillers con-
tribute to yield, therefore increasing the ETP might be a more efficient
method of increasing grain yield than increasing NOP. The development of
aerial tillers indicates a low apical dominance of the terminal spike on
the basal tiller. In the WEED and WILD groups, the spikes and seeds are
both small, so any one spike does not provide a strong “sink" for the
"sources” of that tiller. Nodal buds develop into spikes as the sink
strength is reduced, and they may contribute to grain yield in these
groups.

There is an association between growth duration and FLJ in pear)
millet. A difference in FLU Detween the dry and wet seasons was due to
photoperiodic sensitivity of the entries making up groups. The adapted
types had similar FLW means in the two seasons as expected when the
genotypes were photoperiodic insensitive. The AFR and WEED groups
differed between the two seasons for both FLN mean and range, indicating
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photoperiod sensitivity, as hypothesized by Brunken et al. (1977) and
Belliard et al. (1980).

Overall, the NILD group was at the extreme of the 16 entries for
most traits, and the NEED group was intermediate between the WILD and
cultivated groups. Since the phenotypes and therefore probably genotypes
of these two relatives were so different from the cultivated types, they
might be sources of genes for modifying and hopefully improving BY, GR,
and ETP 10 the cultivated varieties and hybrids. Generally, the HYB and
VAR groups had homogenecus BYs and GRs in both growing seasons: The
only exception was the significant variation within HYB entries for 6R
in the dry season. For ETP, the HYB were significantly superior to VAR
in both seasons, but neither group was very elite for this trait when
compared to the WILD entry. The adapted strains (HYB and VAR) were the
least variable, whereas the entries in the AFR and WEED groups were more
variable. The adapted Indian cultivars were products of intense
breeding effort to similar production environments, which may account
for the lower variation within these groups, while the African landraces
together with the weedy relatives were products of local selection for
specific adaptation. This specific adaptation for both groups was for
a number of highly variable environments, which may explain the in-

creased variation within the groups.

Trait Associations
Grain yield of cereals is a product of biological yield and
harvest index, whereas in turn, biological yield is a product of growth
rate and growth duration (Takeda and Frey, 1977). Various associations
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among these four traits were important to manipulating them genetically
to improve grain yield of ocats, and the same situation may occur for
pearl! millet. The relationships of GR with 6Y, BY, and Hl for the dry
season are presented in Fig. la, 2a, and 3a, respectively, and for the
wet season in Fig. 1b, 2b, and 3b, respectively.

The scatter diagrams provide visual evidence of the associations
among the four traits for the 16 genotypes; however, to quantify these
assactations and to reduce the effect of the extreme trait values shown
by the wild and weedy relatives, a type of partial correlation was com-
puted for each trait pair in each season. The influence that these
extreme values would have on the magnitudes of correlations can be
visualized from Figs. 1, 2, and 3. For computing a partial correlation,
scores were assigned to accessions according to their potential degrees
of genetic relationship to the Indian cultivated types, i.e., scores of
1 to 4 were assigned to Indian varieties and hybrids, African landraces,
weedy entries, and the wild accession, respectively. The partial corre-
lation was computed between two traits holding the degree of relation-
ship score constant. The partial correlations computed in this way are
given for the dry and wet seasons in Table 5.

No plus or minus relationship was found between GR and GY in
either season (Fig. 1 and Table 5). However, there were significant
positive associations between GR and BY in both seasons (Fig. 2 and
Table 5). The scatter diagram between GR and HI (Fig. 3) indicated a
positive relationship between these traits; but the correlation between
them (Table 5) was not significant in either season.



Figure 1. Scatter diagrams of GR plotted agaiest GY for the HYB and VAR
roup @ , group A , and group and wild entry @
n the dry (a) and wet (b) seasons
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Figure 2. Scatter diagrams of GR plotted against BY for the HYB and VAR
group ® , group & , and MNEED group and WILD entry B8 in
the dry (a) and wet (b) seasons
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Figure 3. Scatter dia m of GR plotted against HI for the HYB and VAR
?roupo » AFR group A , and WEED group and WILD entry @
n the dry(a) and wet (b) seasons
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Yable §. Partial correlations among traits with scores for relationships among genotypes held
constant for the dry and wet seasons

Yet BY oY oR Nl N ™ TP NP N

Ory

BY -0.22  0.5* -0.59* -0.23 -0.76** 0.26  0.26 0.09
oY 0.07 0.86* 0.53 0.62* 0.12 -0.47 -0.61*
&R 0.74%+ ©0.39 000 -0.3 0.0 017 -0.01
HI 0.4  0.68% 0.47  0.69%* 0.02  -0.57* -0.69*+
S -0.11  0.59% -0.19 0.2 0.19 -0.28 -0.56*
™ -0.01  0.69* -0.04  0.58* .33  -0.40 -0.26
ETP 0.3 -0.22 0.28 0.16 -0.28 -0.48  -0.59*
NDP .23 -0.34 -0.08 -0.14 -0.51* -0.54% 0.715%~_ --  0.14
FLN 0.73%% -0.18  0.74% -0.76** -0.31 -0.08  -0.56*  -0.22 “~_--

*, ** Significant at the 0.05 and 0.01 levels, respectively.

€9
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The other traits were included in Table 5 not only to study the
relationships betwsen GR, GY, BY, and HI, but also their relationships
to the other traits measured in this experiment. GR and FLN were highly
significantly correlated with each other and both were positively
correlated with BY in the dry season. In the wet season, GR and BY
were significantly and positively correlated, but neither was correlated
with FLN. In the dry season, GY was significantly and positively corre-
Jated with HI, SN, and TH, and all three traits were significantly and
positively correlated with each other. In the wet season, only HI and
TH had a significant, positive correlation with each other and with GY.
FLN was significantly and negatively correlated with HI, SW, and GY in
the wet but not in the dry season. FLWN had a nonsignificant association
with NOP, but was significantly negatively correlated with ETP in both
seasons.

The correlations suggest that for the genotypes of pear] millet
tested, and perhaps for pearl millet accessions in general, high GY was
associated with high HI, large SN, and high TH in the dry season, and
early FLW in the wet season. In both seasons, high BY was associated
with a high 6R, but high BY did not manifest itself in a high GY because
of the negative association between HI and BY. The relationship of GY
and FLW depended upon season apparently because of a different degree
of photoperiod response in the adapted and nonadapted materials. ETP
and NDP were not related to GY; but in both seasons, the ETP was higher
in the earlier flowering genotypes, indicating either a reduction in
basal tillers with early flowering or less competition among tillers in
the early flowering types.
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CONCLUSIONS

In this study, 16 genotypes of pear] millet were evaluated for a
number of growth traits and especially biological yield, grain yield,
and growth rate. The differences in means for most traits show that
these genotypes were representative of the different types described
by Brunken et al. (1977) and Belliard et al. (1980). The wild and
weedy relatives had extreme phenotypes for all traits, and the entries
within the African landrace and weedy relative groups were highly
variable. The wild relative differed significantly from the cultivated
groups for all traits, and the weedy relative differed from the cultivated
groups for most traits. The wild and weedy genotypes were undesirable
for most traits, but they may be potential sources of genes for im-
proving BY, GR, and ETP in hybrids and varieties. Little variation
exists fof any trait among the od;ptcd. cultivated genotypes. Because
of the nature of the materials used in this study, higher GR or BY was
not associated with higher GY. The associations (or lack thereof) among
these traits, HI, and others, however, suggest that it may be possible
to develop breeding populations utilizing germplasm sources of higher
growth rate, biomass, and improved basal tiller ratio in which selection
for higher grain yield should be possible.
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SECTION III. EXOTIC GERMPLASH FOR INPROVING GRAIN YIELD AND GRONTH
RATE IN PEARL MILLET
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ABSTRACT

Pearl millet 1s a grain and forage crop that has received little
attention in genetic improvement programs. In this study, three exotic
strains of pearl millet were compared for their potential for improving
grain yield, growth rate and a number of associated traits. The three
exotic strains, a primitive landrace, a weedy relative, and a wild
relative were mated with two pearl millet inbred 1ines in a mating scheme
designed to evaluate both the varfability within the exotic strains and
the progeny from their matings with the inbred lines. The experiment
was evaluated in the rainy season of 1982 at the International Crops
research Institute for the Semi-Arid Tropics (ICRISAT), near Hyderabad,
India. The results of the study indicated that the best exotic parent
had the best mean progeny but in all the matings it was possible to
select Vines with transgressively increased grain yield and growth rate.
The exotic strain with the most potential to improve growth rate in
pearl millet inbreds was the wild accession. The best exotic parents .
for improving grain yield (based upon a number of criteria) were the
primitive landrace and the weedy relative.
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INTRODUCTION

Pear! millet (Pennisetum americanum ssp. americanum L. Leeke) 1s
grown for grain and forage on about 26 m ha annually, principally in the
tropical and subtropical areas of Africa and the Indian subcontinent.

It has received Tittle attention in genetic improvement programs
despite its importance as & human food and the availability of
extensive germplasm collections of cultivars, lines, and wild acces-
sfons. Primitive landraces have been used to improve grain produc-
tivity but their potential for improving other attributes has not been
explored (Andrews et al., 1984).

P. chigm ssp. monodii L. (Maire) Brunken, a wild relative of
cultivated pearl millet, has been evaluated in several studies (Brunken et
al., 1977; Belliard et al., 1960; Pernés ot al., 1980). Bramel-Cox et al.
(1984) suggested that weedy and wild relatives may have genes for
improving growth rate of cultivated pearl millet. Cox et al. (1984)
reported on the potential benefits of introgressing germplasm from
wild into cultivated sorghum (Sorghum bicolor (L.) Moench). Frey et al.
(1964) reviewed the use of wild relatives of oats (Avena sativa L.),
barley (Hordeum vulgare L.), sorghum, and pear] millet to improve grain
productivity of those cereals.

Takeda and Frey (1977) expressed grain yield of cereals as the
product of growth rate, growth duration, and harvest index. Lawrence
and Frey (1976), Rodgers (1982), and Cox et al. (1984) have shown that
interspecific matings have resulted in quantum improvements in yielding
ability of oats, barley, and sorghum, respectively. For oats, this
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yield increase has been shown to be due to increased growth rate
(Takeda and Frey, 1977). Growth durations and harvest indexes of
most high-yielding segregates were the same as those of the cultivated
parents. The primary objective of this study was to evaluate wild,
weedy, and exotic cultivated strains of P. americanum for their poten-
tial to improve growth rate and grain yield of pearl millet.
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MATERIALS AND METHODS

Genetic Matertials

Two inbred pear] millet 1ines (recurrent parents) were used as fe-
males in matings with three exotic parent accessions. The origins of the
five parents were as follows: (a) J104 was an inbred 1ine used exten-
stvely in Indian hybrids, (b) MS818 (81B) was an experimental inbred
1ine developed at ICRISAT, (c) M-70-1 (designated AL) was a landrace
collected from the wet region of Tanzania, (d) P-28081 (designated WEED)
was a weedy accession (P. americanum ssp. stenostachyum L. (Klotzch)
Brunken) collected from a farmer's field in Niger, and (e) the wild
relative (ssp. M) was represented by an accession from Surikina
~ Fasso (duigqatid RILD).

The exotic parents were heterozygous, heterogeneous, and open-
pollinated populations, whereas the adapted parents were inbred lines.
The heterogeneity in the exotic parent collections required a mating
design that allowed for separation of genetic variation within the exotic
population from variation generated by the exotic x cultivated matings.
Eight to ten crosses were produced per mating, with each cross being made
between one plant from the exotic parent and one plant from the inbred,
as diagrammed below:

Inbred parent 9 X Exotic plantd

@ -————031 “ne

X F)8—~@®@ -=BCF, -derived lines in the F,
(F, family)
BCF, -® =BC,F, ~derived lines in the F,;

(BC/F, family)
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A1l plants to be crossed or selfed were taken at random. Thus, approxi-
mately 200 entries were evaluated per mating (8 to 10 Sl lines from

the exotic parent, 8 to 10 F, families, ca. 80 F,-derived lines, 8 to 10
Bchl families, ca. 80 Bchz-dcrivod 1ines, the exotic parent (So) and
the cultivated parent).

Experimental Methods

An experiment to evaluate the entries from the six matings was
conducted at the International Crops Research for the Semi-Arid Tropics
(ICRISAT) near Hyderabad, Indfa in 1982. The experiment was conducted
in a split-split-plot arrangement using a randomized complete block
design with two replications. Main plots were matings, subplots were
backcross generations, and sub-subplots were entries. s1 1ines were
included in BCy subplots, and parents were included in subplots for back-
cross generations of a mating. Each sub-subplot consisted of four rows
3 m long, spaced 75 cm apart and a 10-cm spacing between plants within
a row. An area of 1.125 .2 containing competitive plants was harvested
from the center two rows of each sub-subplot twice during the growing
season. Harvest dates were randomized within each sub-subplot, and
they were separated from one another by a border of 0.25 o’. The plant
population in the experiment was 130,000 plants per ha.

The experiment, which was conducted in the 1982 rainy season, was
sown on 19 June, and seedlings emerged on 22 June. Hormal temperatures
in the rainy season are 30C and 22C for day and night, respectively, and
normal rainfall is 700 mm at Hyderabad. No irrigation was used, and

downy mildew (Scleropora graminiola) was controlled by hand spraying
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affected plants with metalaxyl.

Traits Measured

Growth rate (GR) was measured by using the formula

(8ramel-Cox et al., 1984), and this trait was expressed in glmzlda.

Grain yield (GY), head yield (HY), and biological yield (BY) were
measured in g/uz. Harvest index (H1), expressed in %, was the ratio
(GY/8Y) 100. Days to flowering (FLN) was recorded as days from seedling
emergence to the date when 50% of the panicles in a plot had stigmas com-
pletely emerged (DAE). Seed weight (SN) was the mean weight in g of two
100-seed samples, and threshing percentage (TH) was the ratio (GY/HY) 100.

Statistical Anmalysis

A1l trait values for an exotic parent were the means of the s1
lines representing that parent. Each backcross generation within a mating
was analyzed separately because the experiment was not balanced. The
entry mean square was subdivided into a set of orthogonal comparisons
as shown in Table 1. In the 8C, there were no S, lines 30 S was deleted
from those sources of variation where it occurred. Genetic variance
(og) was calculated as a linear function of the appropriate mean
squares.

A least significant difference (LSD) between a progeny and recur-

rent parent mean was

L0 = o.05/5 + 53 Mg °



Table 1. ANOVA for original cross or backcross of a mating

Source of Dagrees,of

variation freedom

Replication rel

Entry (s+x+crfrtv) -1

Parents vs. Progeny
Parents
Cultivated vs. Exotic
Nithin cultivated
Within exotic
So Vs, sl
Nithin S1 Tines
Progeny
Fl vs. Fz
fl
fé-dcrivcd Vines
Among Fl ‘families’
Nithin F ‘families’
Error

1

(s sx+¢) -1
1

¢-1

(s =x) -1
1

s-1

(f +fv) -1
1

f-l

fv-l

f-1l

f(v-l)

(((s+x+csf+fv)-1)r-1)) -1

r. $, %X, C, f, and v equal numbers of replications, S, lines,
S, entries, recurrent parent entries, F, families, ana
dirived Vines within an F, fomily, resple

F.
tively. 2
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where to.05 is the tabular value of t at the 5% level of significance,
b and a equal the number of entries in a progeny mean and number of

entrfes in a recurrent parant mean, respectively, and NSE is the error
mean square. A transgressive segregate was defined as a progeny with

a grain yield or growth rate ocne or more LSD above the high or below
the low parent.



76

RESULTS

Comparisons of Means

The two recurrent parents, J104 and 818, did not differ for GY,
6R, or BY, but J104 was significantly earlier and higher in HI. The
three exotic parents did not differ for GR, BY, and FLN but they did
differ significantly for GY and Hl. The recurrent parents differed
significantly from the exotic ones for all traits except that J104 and
AL did not differ for GY and AL and 818 did not differ for HI (Table 2).

Means of Fy-derived lines for each mating for five traits are
given in Table 3. The J104 matings were earlier and gave higher &Y,
but Tower GR and BY than did the 818 matings. AL matings were earlier
and had higher mean 6Y and HI, but lower GR and BY than did the WEED or
WILD matings.

For two matings, AL x 818 and WEED x 818, the GY means for ’2'
derived lines were significantly greater than the recurrent parent, 818.
AL x 818 was significantly earlier and higher in GR than 818, and NEED
x 818 was significantly later and higher in GR and BY but lower for HI
than was 818. The NILD x J104 mating had a significantly lower mean GY
than that of J104. MNEED x J104 was significantly later in FLW, higher
in GR and BY, and Tower in HI than J104, but had the same GY. The six
matings differed significantly in the aco for GY and GR and in both back-
crosses for the other three traits (Table 4). J104 and 818 matings
did not differ for GY in either backcross but they were significantly
different for the other four traits in both backcrosses. The AL,

WEED, and HILD matings differed significantly for all traits in
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Table 2. Means of recurrent and exotic parents for GY, GR, BY, FLW,

and Ml
Trait

Parent 6y 6R 8y FLN HI

(ka/ha)  (a/m'/da)  (kg/ha) (0AE) (%)
J104 2521 9.5 7495 52.3 .34
818 1816 8.9 7099 63.5 .26
AL 3132 16.9 10792 68.9 .29
WEED 1504 17.3 10873 68.7 .15
NILD 468 18.9 10329 7.8 .05
Lso* 939 3.2 2454 5.8 .04

3 At 0.05 level.



Table 3. MNeans of Bcok; aﬂn-a Oclfz-derim lines from six pearl millet matings for GY,

GR, BY, HI,
GY GR a8y FLM Wl
Exotic
parent J104 818 J104 818 J104 818 J104 818 J104 818
wenskg/Ml-=== --anlda-- -==kg/ha--- cencaAEvmeee cremeafeccane
AL 2562 2513** 10.4 12.1** 7936 71829 55.6 66.5** .32 .26

WEED 2533 2287  12.3** 13.0** 9419** 10382** 61.5** 68.9** .28%+ 22+
uiLo 1859** 1907 12.8** 13.9** 9513** 10414 60.1** 68.8** .20 .18**

*, ** Significantly greater than the recurrent parent at the 0.05 and 0.01% levels,
respectively.

8L



Table 4. Significance levels for mating mean squares and for specific orthogonal comparisons
for the Bco (1) and "‘1 (2) for 6Y, GR, BY, HI, and FLM

(14 GR 8y L] |
Source of Degrees of
variation freedom | 2 1 2 1 2

]
s

Matings S * 5.2 n.S. * - ~ ) o »
Arong adapted 1 n.s. ns. * e *e " - . " e
Among exotic 2 o n.s. - n.s, ** n.s. hadd - Ll
Adapted x exotic 2 n.S. Nn.S. A.S, ﬁ.s. n.s. Nn.s. * n.s. N.S. Nn.S.

a Nonsignificant.
*, ** Significantly greater than the recurrent parent at the 0.05 and 0.01 levels, respectively.

6
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the aco. but they differed only for HI and FLN in the acl. There was 2
significant interaction between the adapted and exotic parents in only
one trait, HI, and in only one backcross generation, aco.

As a further assessment of the value of AL, WEED, and NILD as
donors of genes for improving cultivated pearl milliet, the best 10% of
Fz-dorivcd lines in each mating-backcross combination for GY were
evaluated for seven traits including 6Y. To provide easy comparison,
the sample means were expressed relative to the recurrent parent of a
mating (Table 5).

In a1l mating-backcross combinations, the selected lines had a
significantly greater GY, GR, and BY. No mating-backcross combination
differed significantly from the recurrent parent for TH and only the
AL matings differed significantly for SN. The Bco of J104 x AL had a
significant 21% increase in HI but the Bco of JI04 x NILD had a sig-
nificant 21% decrease from the recurrent parent for this trait.

There were a number of mating-backcross combinations where the FLWs of
the selected lines were significantly later than the recurrent parents.

The relative values for GY of the selected samples were greater
when 818 was a recurrent parent than when J104 was: however, the lines
with the highest actual GYs occurred in the J104 x WEED mating.
Selected lines with the lowest actual GYs occurred in the J104 x WILD
mating. In each mating involving AL or NEED as a donor, the relative
GY of the selected sample was greater in the BC, than in the 3C,, which
indicates the nobilizing value of the first backcross. In the BC,, the

0
WILD accession was not as good a donor for increasing GY as the other



Table 5. Means of GV, GR, BY, HI, FLM, SW, and TH for the top 10% of the lines for each mating selec-

ted for GY expressed as

a percentage of the recurrent parent in the Bco(l) and BC, (2)

qenerations
Genera-
Nating tion GY GR Sy Hl R SW TH
J104 x AL 1 148+ 112* 123%* 121* 103 124* 116
2 157%* 125%* 129+ 124 103* 116* 119
J104 x WEED 1 155 134+ 147%+ 106 111* % 111
2 158%* 1179+ 151+ 106 107* 110 133
J104 x Ul 1 1275+ 146%* 1549 79%+ 111* 105 95
2 124>+ 135%* 130** 97 111+ 89 101
818 x AL 1 189%* 139%+ 150** 11§ 102 122* 112
2 214 153%* 185%* 112 105 128* 110
818 x MEED 1 177%% 14] %+ 1749 112 110** 9 112
2 188%+ 144%* 175%* 112 108* 102 107
818 x WILD 1 183%* 174** 170** 103 107* 100 109
2 1619+ 173%* 164%+ 96 108* 88 109
*, *¥* Significantly greater than the recurrent parent at the 0.05 and 0.01 1levels,

respectively.

18



exotic sources when J104 was the recurrent parent, but all donors were
about equel when 818 was the recurrent perent. The NILD matings were
unique, however, in that the GY of the selected sample regressed from
aco to acl. In fact, however, all matings produced sizable numbers of
segregates with very high @Y.

Takeda et al. (1979) analyzed transgressive yielding lines from
interspecific matings of cats and found that the high grain yields were
due to increased growth rates. A sinilar situation seems to have
occurred in the matings of pear) millet. In general, the FLWs of the
high GY samples of lines were increased only from 2 to 11%, and Hls,
another component of GY, of the selected samples were only significantly
different from the recurrent parents in the sco of two matings where they
differed by 21%. However, the third yield component, GR, of the samples
selected for high GY was significantly greater for all matings. Thus
in most of the matings in the 8C, and all the matings in the B8C,, the
increased GY resulted from an increased GR with FLW and HI being similar
to the recurrent parents.

The highest-yielding selected Yines were found in the J104 x WEED
mating and the lowest-yielding selected lines were found in the J104 x
WILD mating. The highest growth rates were in 818 x NILD and the lowest
in J104 x AL.

Comparison of Variances
There are several sources of genetic variability for GY and GR
that were of importance to this study. For example, genetic varfability

among Fz-derived lines could arise as a result of recombination among
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genes within matings, from the gametic sample used in making the scl.

and genetic heterogeneity in the AL, NEED, and NILD accessions. The
mean squares for GY and GR needed to discuss this subject are presented
in Tables 6 and 7, respectively. In the Bco of a1l matings except J104 x
WILD, the 6Y and GR mean squares for Fl vs. Fz were significant, which
indicates the occurrence of significant inbreeding depression for these
traits. In the acl. the pattern of significant Inbreeding depression
was the same for GR as 1t was in the Bco. 1.e., a1l matings except J104 x
NILD showed a significant Fy vs. F, mean square. However, for GR, there
was no significant inbreeding depression for any mating in the “1'

The accessions of AL, NEED, and NILD used as exotic parents were
expected to be genetically heterogeneous, s0 Fl crosses between dif-
ferent pairs of individual plants in a mating were accessioned and tested
separately. This permitted. the assessment of whether genetic hetero-
geneity within exotic parent accessions was important for GY and GR. Of
six matings, the mean squares for “among Fl's" was significant in only
one (i.e., J104 x AL) for GY (Table 6) and one (i.e., 818 x AL) for
6R (Table 7). Another estimate about the presence or absinco of
genetic heterogeneity in the exotic accessions was obtained from compari-
sons among sets of Fz-dorivcd 1ines within l-’l families in aco. For GY.
five of six matings showed significant variation among 51 families and
for GR four of six matings had significant mean squares for this source
of variation. Thus, F, crosses per se indicate that genetic heterogeneity
within exotic accessions was not great, whereas the F1 families of Fy-
derived lines indicate that it was an important source of variation.

The better estimate of this genetic heterogeneity was among Fl families
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Table 6. Mean squans' for GY for sources of varfation among progeny
within the aco and acl of six matings of pearl millet

Hean squares
Source of M x =0 X NID x
variation J104 818 J104 818 J104 818
-‘.‘...-.-...-...-.-‘sco.- ..... LA L L2 22 1.2 2 1 J L L X 2 2 X L. X 2 3
Fl Vs, Fz 164.1%* 341.6%* 17.4 115.6* ¢ 348. 7%+
Fl 's 144.9% 14,2 14.0 14.6 8.1 15.2

Fz-dlriud lines 120.1" 9.2 14.8** 6.8 13.2* 11.9**
Anong Fl families 43.6** 7.3 25,5 18.0* 14.0 34.6%*
Within F families 8.9 9.4 13,5 6.0 9.2* 9.1

L L 2 2 2 2 J Ll 2 2 2 2 2 2 1 2 2 2 2 ‘-.acl-......-" ..... Ll L X L 2 L L1 L 02X 22

Fy vs. Fp 110.6* 196.4* 116.0% 181.8% .2  43.9%
Fy's 8.3 6.9 11.5 157 18.8% 3.1
Fp-derived 1ines 10.8  10.2%* 17.1 9.1 11.3%  6.8*
Mong F, families  23.4%  13.7%% S5.9% 1.7 23.8%  20.8%
Mithin F, familfes 9.3  9.8™ 12.3 9.3 9.7 5.0
25108,

*, ** Significance at the 0.05 and 0.01 levels, respectively.

of Fy-derived 1ines because (a) it would be less affected by dominance
relationships than would F, crosses per se and (b) 1t provided more repli-
cation with which to estimate the variance. .

The F,-derived line variance was subdivided into two sources, (a)
Fp-derived lines within F, families and (b) among F; families of F,-
derived lines. For GY, the greater, and in most cases the only signifi-

cant, mean square was that among Fl families. For GR, this result was
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Table 7. Mean squares for GR for sources of variation among progeny
within the Bco and acl of six matings of pear! millet

sou . T Mean squares
rce 0 % g!ﬂ X %;:! %
varfation J104 818

Fy vs. Fp 29.4%% 185, 7%% 56, 0v  SE. 0% 30.4 174.1%
sx's 5.4 17.9* 14.9 10.2 21.5 6.1
Fz-dcrivcd Tines 7.4vw 8.7 14.2 7.3 22.4* 13,0

Mong F, families 10.7+ 4.4 37.2** 12.3 38.1v 29.8%
Within Fl families 7.1** 9.3* 11.4 6.4 20.2** 10.9

LA L 2 L L 2 0L 2 L 2 1 2 1 J ‘.--ul...-..-..-.'..--. ...........

Fi vs. Fp 13.8 1.5 1.0 8.2 0.3 9.5

Fl's 8.6 6.6 26.7* 5.4 2.0 12.0

Fy-derived lines 5.7 7.8 14.0 11.3* 9.4%* ]13.7**
Among El femilies 7.7 9.0 44,6 29.4%* 28.9%* 52.0*
Within 1 families 5.4 7.7 10.2 8.9 1.4 8.9

*, ** Significance at the 0.05 and 0.01 1levels, respectively.

even more evident, especially in the acl_. where no within lf1 families’
mean squares were significant. The only matings with significant
variance among Fl families in both backcrosses were the J104 matings
and 818 x WILD for GY and the WILD matings and J104 x WEED for GR. No
mating had significant varfiance within Fl families in both backcrosses
for either GY or GR,

The distribution of the Fz-derived lines mean squares among and
within the Fl families and its significance has important implications
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when breeding for improved GR and GY in populations from these exotic
sources. The greater importance of the among Fl families source of
variation indicates it would be best to topcross onto as many plants as
possible from the exotic population. Then, testing a large number of
F, families as bulk F, and F, progenies would evaluate the variability
within the exotic population and determine which family or families
should be saved. Selection should then be made for high GR among 1ines
within the l-'1 families with high GR, these progenies could be used

in a recurrent selection program, or for continued backcrossing to
improve the adaptation of the selected crosses. Since the variance
among Fl families was greater than that within l-'l families of both the
sco and the scl. the primary reason for backcrossing would be to raise
the adaptation of the progeny from the matings.

Intrageneration means, genetic variances, and numbers of high and
low transgressive segregates for GY and GR are given in Table 8. None
of the differences between backcross generation means for GY and GR
was significant. Genetic variation among Fz-dorived lines for GY in
the BC, was significant for four of six matings and three of these had
J104 as one parent. In the scl. three of six showed significant
genetic variances and two of these were the matings involving WILD.
Genetic variance among Fz-dorived 1ines for GY changed in both direc-
tions with backcrossing. In three of the six matings, there was a
decrease to nonsignificance, and one mating, 818 x WEED, did not have
significant genetic variance in either backcross generation. 818 x AL
had an increase to significant genetic variance with backcrossing. The

WILD matings were the only ones with significant genetic variance in



Table 8. Mean (x), genetic variance (oz). and percentages of transgressive segregates (7.S.)
above the high parent (H) andbelow the low parent (L) for GY and GR for the 8C, (1)
and BC; (2) from six pearl millet matings

GY GR
Gﬁﬂe"" i az T. So iz 02 T- So
Nating tion kg/ha 9 H L 9/w"/da 9 H L
J104 x AL | 2466 3464, 26 38 10.8* 2.1 1 6
2 2659 n.s. 32 25 10.9* n.s. 2 6
J104 x WEED | 2608 4044 49 5 12.8** n.s. 6 2
2 2457 n.s. 23 6 11.8** n.s. 0 9
J104 x WILD | 1792%* 2098 6 5 13.8% 6.1 n 2
2 1929%* 2935 5 0 11.8** 2.2 2 8
818 x AL | 2323* n.s. 13 S 11.5*+ 1.3 5 3
2 2703** 2789 39 3 12.7%* n.S. 9 1
818 x WEED | 2352+ n.s. 65 3 13.2%* n.s. | 1
2 2224 n.s. 54 3 12,75+ 2.0 S 1
818 x WILD | 1768 2n1 16 0 14.3%* 2.2 1 2
2 2046 1436 4] d 13.6** 2.4 9 0

{8

s Nonsignificant,

*, ** Significantly different than the recurrent parent at the 0.05 and 0.01 levels,
respectively,



88

both the Bco and acl. The genetic variance decreased to one-<half in the
818 x NILD mating and increased by one-half in J104 x NILD.

Genetic variance among Fz-derived Tines for GR was significant for
the AL and NILD matings in the aco and the WILD matings and 818 x WNEED
in the 801. In the AL matings, genetic variance decreased to nonsig-
nificance with backcrossing; in the NEED matings, the genetic variance
among Fz-derivcd lines remained nonsignificant or increased to signifi-
cance with backcrossing, and only in the WILD matings did both back-
cross generations have significant genetic variance for GR.

In all matings except J104 x AL, there was a much greater per-
centage of high transgressive than low transyressive segregates for 6Y
in both Bco and scl. In fact, in seven of the 12 mating-backcross com-
binations, more than 25% of the segregates were transgressively high for
this trait. And in 818 x WEED, 65% and 54% of the F,-derived 1ines were
transgressively high in Bco and Bcl. respectively. Across all matings,
the Bco and Bc1 produced 29% and 33%, respectively, high transgressive
segregates for 6Y. In this study, the adapted parent had a very low
GR, whereas the exotic parent had a very high GR. The percentages of
high transgressive segregates for GR were quite low, i.e., the means
for Bco and Bc1 were 4% and 3%, respectively. The percentage of low
transgressive segregates was not very high, either, but in one mating
in the sco and three matings in the acl, there were more low than high
transgressive segregates, For traits, such as GR, where the parents are
so extreme, most of the plus genes for the trait should come from one

parent with no or very few from the other parent. This may be the
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explanation why so few lines were transgressive for GR. . After all, for
& line to be transgressive it would need to have all the plus genes
from the exotic parent and some from the adapted parent. Most
transgressive segregates for GR occurred in the Bco of the NILD matings,
but matings which had either an increase or a slight decrease upon
backcrossing were those which involved the 818 adapted parent. Thus,
818 may have had some plus genes for GR, whereas J104 did not.
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" DISCUSSTION

The proportion of positive transgressive segregates for grain yield
averaged 21 and 35% in the Bco and Bc1 of AL matings, 52 and 37% in
the Bco and acl of NEED matings, and 11 and 23% in the Bco and acl of
WILD matings. Overall, there was 18% high transgressive segregation in
the NILD matings, 44% in the NEED matings, and 24% in the AL matings.
The frequencies of high transgressive segregates for 6Y in the WILD and
WEED matings weremuch greater than those reported for interspecific
and interracial matings of sorghum, oats, and barley (Frey et al.,
1984). In the BCy» the NEED matings had greater numbers of high trans-
gressive segregates and means for GY equal to means for AL matings, and
they were superior to the WILD matings in both backcrosses. In both
J104 x AL and J104 x WEED, mean GY in the sco were equivalent to that of
J104, but the genetic variances for GY decreased to zero in acl. Only
818 x AL differed significantly from 81B for mean GY in both backcrosses,
and the genetic variance increased from aco to acl for this mating. The
AL and NEED parents were equivalent as sources for GY improvement in
pearl millet, and were better than the WILD parent when judgement was
based on Bco and acl.

Positive transgressive segregates for GR were judged against the
exotic parents, uhicﬁ had extremely high GRs. However, GR would not
need to be higher than the exotic parent to improve GY potential in
the adapted parent. As a way of judging the significance of this state-
ment, the following table gives the percentage of high transgressive
segregates when the adapted parents are used as the basis for judgement:
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Mati
Backcross JI0d x  B1B x JIOF x  BIB x Jiod x  BIB x

generation AL AL WEED NEED WILD WILD
BCqy 43 56 75 89 89 91
8, 46 84 55 80 65 83

From 43 to 91% of the mating progenies were transgressive segre-
gates with GR at least one LSD above the adapted parent. In the J104
matings, the percentage of high transgressive segregates decreased from
69 to 55 for Bco to Bcl. whereas in the 818 metings, percentages were
similar at 79 and 82, respectively. Thus, most progeny lines were
superior to J104 and 818 for GR, and by combining any of these GR values
with the FLW and HI of the adapted J104 and 818, should produce adapted
pear] millet lines with superior GY, irrespective of whether the GR were
as high as the exotic parents or not.

The exotic parent with the highest mean, progeny mean, percentage
of transgressive segregates above the high parent and the adapted parent,
and a significant genetic variance for GR was WILD. The highest-yielding
line occurred in J104 x WEED and the largest number of positive trans-
gressive segregates for GY occurred in 818 x NEED. The only matings
with significant genetic variance in both backcrosses for both GY and
GR were the WILD ones.

Overall in this study, matings with the best parents for a trait
produced the best progeny for that trait. For example, the 6Ys of
the exotic parents were directly reflected in the means of their
progenies. In all matings it was possible to select for increased BY,
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and the samples of 10% highest GY 1ines were not inferior for Ml, SN, or
TH. The WEED and WILD parents have low values for these traits
(Bramel-Cox et al., 1984). Therefore, it might be possible to select
1ines transgressive for high GY and that had satisfactory agronomic
traits directly from the populations of segregates evaluated in this
study.

Takeda and Frey (1977) expressed grain yield of cereals as a
product of growth rate, growth duration, and harvest index. The high
GY of the selected sample of lines from the J104 matings resulted from
increased GR without an accompanying negative change in HI or FLN
(except in the Bco of J104 x WILD). In the 81B matings, the high &Y
in the selected sample resulted from increased GR and increased FLN. In
each set of matings, the result was a BY greater than the recurrent
parent accompanied by a HI similar to the recurrent parent.

Among the exotic parents used in this study, the best source of
genes to improve GR in cultivated pearl millet would be the WILD parent,
but the WEED parent was nearly equivalent. The best sources of genes to
improve GY directly were the AL and WEED parents. The WILD and WEED
matings had high BY but low HI. Selection for increased Hl in these
high-GR populations or populations derived from them via additional
backcrossing or recurrent selection may further improve GY and lead to
new high-GR, high-6Y lines of pearl millet. The study shows that the
WILD and WEED accessions can be important sources of genes for improving
GR and GY of cultivated pear] millet, and certainly additional sources
of these exotic types should be explored. However, AL was the source
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of germplasm with the most desirable agronomic traits and probably would
provide the best short-term results.
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SECTION IV. TRAIT ASSOCIATIONS IN INTROGRESSED POPULATIONS
OF PEARL MILLET
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ABSTRACT

Principal component analysis has been used in this study to
describe the trait associations between 17 traits measured on progenies
devaloped from the matings of two adapted pear] millet inbreds with
three exotic pear! millets. These exotic parents were a primitive lTend-
race, & weedy relative, and a wild relative. The first three components
were calculated for these matings and the associetions defined. The
Correlations between these components and grain yield and growth rate
were also determined. The first principal component described a hybrid
index in five of the six matings and a number of other complexes of
of traits were determined by the other components. Some of these
complexes were determined by the other components. Some of these
complexes were common in a number of matings. The first three components
only accounted for 50-60% of the total variability, thus no strong
association of traits was found that would hinder recombination of
parental types to select agronomically desirable segregates with high
grain yield or growth rate.
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INTRODUCTION

Principal component analysis has been used in several studies
involving introgression between species or races of plants. Anderson
(1949) stated that the distribution of progeny from interspecific or
interracial matings would fall on & narrow recombination spindle between
the two parents; therefore, only a small fraction of the total range of
trait combinations was possible in introgressed populations. Cox et al.
(1984) used the first principal component score as a hybrid index to de-
termine whether a recombination spindle existed in progeny of matings
between the wild and cultivated sorghums (Sorghum bicolor L. Moench).

A recombination spindle existed, but it was more a result of differences
in gene frequency in the different backcross generations than of link-
age or plietropy within backcross generations.

Marchais and Tostain (1984) and Pernés et al. (1980) us'cd principal
component analysis of introgressed progeny to study the process of
domestication of pesr] millet (Pennisetum americanum L. Leeke). Pernés
et al. (1980) found that Fz progeny scores for the first principal com-
ponent segregated between the wild and cultivated parent and that a large
proportion of the total variability was accounted for by the first com-
ponent. The first four principal components were associated with
photoperiodic sensitivity, domestication for spike structures, charac-
teristics of the grain and tillers, and tiller proliferation, respective-
ly. Traits associated with domestication were distributed on several
axes, independent of the cultivated or wild phenotype. The other traits
were disseminated throughout several components but parental cosbinations
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accounted for most of the variability. Marchais and Tostain (1984) found
that the first component was an orthogonal 1inear combination of two
independent groups of traits, while the second component represented a
gradual flow from the wild to the cultivated phenotype.

In this study, principal component analysis was used to study trait
associations within introgressed populations of pearl millet developed
from three exotic sources: primitive landraces, weedy, and wild rela-
tives. The first component score was used as a hybrid index to deter-
mine whether a recombination spindle existed and to estimate the propor-
tion of the total variability accounted for by it. The axes defined by
the principa® components were determined and studied for trait associa-
tions that might interfere with introgression of genes from any of the
exotic sources into cultivated pearl millet.
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MATERIALS AND METHOOS

Genetic Material

Two pear! millet 1ines were used as females in matings with three
exotic accessions. The origin of the five parents were as follows:
J104 was an inbred line used in Indian hybrids, MS81B (designated 818B)
was an experimental inbred developed at the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), M-70-1 (designated AL)
was a primitive landrace collected from the wet areas of Tanzania,
P28081 (designated NEED) was a weedy accession (Pennisetum americanum
ssp. stenostachyum (Klotzch) Brunken) collected from a farmer's field in
Niger, and the wild relative (P. americanum ssp. monodii (Maire) Brunken)
was an accession from Burkina Fasso (denoted WILD). The parental
material was represented in evaluation experiments by the inbred lines
of the cultivated parents and S, 1ines of the exotic parents. BC, and
acl progenies were decrivod lines in the Fa and they were developed as
described in Brame)-Cox (1985).

Experimental Procedures
The pear] millet entries were evaluated at ICRISAT near Hyderabad,

India in the rainy season of 1982. An experiment was conducted in a
split-split-plot arrangement using a randomized complete-block design
with two replications. Main plots were matings, subplots were backcross
generations, and sub-subplots were 1ines. Entries consisted of the
inbred parents, S, lines of the exotic parents, and Fz-dcrived lines in
the Fs. A sub-subplot consisted of four rows 3 m long, spaced 75 cm
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apart, and plants were spaced 10 cm apart within a row. Two samples,
each consisting of a random land area of 1.125 mz with a competitive
stand of plants, were taken from the center two rows of a plot. Harvest
areas were separated from one another by a border of 0.25 az. The first
sample was taken at 10 days after flowering and the second at maturity.
The population density for the experiment was 130,000 plants per ha.

The rainy season of 1982 was normal with about 700 mm of rainfall
and mean temperatures of 30C and 22C for day and night, respectively.
The experiment was planted on 19 June and seedlings emerged on 22 June.
No irrigation was used, and downy mildew (Sclerospora graminiola) was
treated by spraying affected plants with metalaxyl, Pear] millet is

typically grown in the rainy season in India and Africa.

Traits Measured

Traits measured, their abbreviations, and methods for measuring them
are given in Table 1. A)) dry weights were taken on oven-dried samples.
SL, SG, SD, PH, and LL were taken on samples of 10 plants using the
methods described in IBPGR and ICRISAT (1981). GR was measured by using
the method of Bramel-Cox et al. (1984). FLW, GR, PH, and LL were measured
on the first harvest sample. SD, PH, and LL were measured on samples
harvested at dough stage. A1l other traits were measured on the final
harvest sample at final harvest.

Statistical Analysis
An analysis was performed on a combined array of Bcofz- and aclf -
derived lines for each mating for traits listed in Table 1. Principal



Table 1. Traits measured, their abbreviations, and method used for their measurement or
calculation
Abrevia-
Trait tion Nethod of measurement or calculation
Days to flowering FL Days after emergence whea 50X of heads in a plot had complete-
ly emerged stigmas (DAE) 2
Growth rate GR Vegetative dry weight at (L + 10)/4FL + 10), (g/m"/da)
Grain yield GY Ory weight of threshed grain, (g 2
Spike yield SPY Dry weight of spikes befoge threshing, (gm®)
Straw yield SY Ory weight of gtraw, (g/m°)
Biological yield BY SPY + SY, (g/m<)
Change in dry weight o Dry ue;zht ‘l'(f) s:nuz;t final harvest - dry weight of straw
at FL + 10,
Threshing percentage ™ GY/SPY) x 100, (%)
Harvest index HI GY/8Y) x 100, (%)
Seed weight SW gﬁﬂﬂ seeds
Aristation AR re for type of aristation: 1= mono-aristatiom, short;
3=mono-aristation, long; S=poly-aristation, sparse;
IT=poly-aristation, dense
Shedding SH Score for spikelet shatterinj: 1sspontanecus shattering;
2sshattering at touch; 3snonshattering and free threshing;
4=nonshattering and difficult to thresh
Percentage of effective EFY Mumber of basal tillers with mature spikes at final harvest/
tillers per plant number of basal tillers at final harvest
Percentage of early ;C8T Number of basal tillers with mature spikes at final harvest/
tillers effective number of basal tillers at 35 days
Aerial tillers per AT Number of aerial tillers at final harvest/number of basal
basal tiller tillers at final harvest
Spike length SL Base to tip of spike on the primary tiller, (cm)
Spike girth SG Maximum diameter of spike, excluding bristles, (mm)
Stem diameter SO Internode above 4th node below spike on main tiller, (wm)
Plant height PH Ground level to tip of spike, (cm)
Leaf length wu

Lign(ne,to tip of leaf on 4th node below spike on main tiller,
on

201
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component analysis (Karson, 1982) was applied to the array of acorz-

and Bchz-dcrivod 1ine means by using the phenotypic correlation matrix.
Eigenvalues (vn. n=,..3) were calculated for the first three components of
each mating. Total variance was equated to k, the number of traits; thus,
the proportion of the total variance accounted for by each component was
Y,/k. The spindle width, R, (Cox et al., 1984) was calculated as

(k - yl)/(k - 1). Ejgenvectors were computed and a component score was
calculated for each progeny 1ine as the product of the eigenvectors and
the standardized values of the vectors.
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RESULTS AND DISCUSSION

The adapted parents were different from the exotic ones for most
traits (Table 2). In general, the inbred parents had low values and
the exotic parents had high ones for most trajts. For the traits that
were exceptions to this generality, the trait values for the progeny
lines were multiplied by -1 to assure that the exotic parent traits had
the high and the adapted parent traits the low values. Because the
adapted parents had the low values for all traits and the exotic parents
high values, large positive associations between traits in a progeny
implied a Tow level of recombination among exotic and cultivated traits
(Cox et al., 1984). Here, recombination refers to the occurrence of
traits of both the adapted and exotic parents in the same progeny line,
not to genetic 1inkage.

The eigenvectors, proportions of total variance (yilk) explained by
the component, and correlations of components with GY and GR are shown in
Table 3, 4, and S, for principal components one, two, and three, respec-
tively. The spindle width (R) was calculated for the first component
(Table 3).

Components of AL Matings
In the J104 x AL mating (Table 3), 50% of the total variability
was accounted for by the first three principal components. The first
principal component defines a hybrid index when it measures the close-
ness of the line's phenotype to either the exotic or adapted parent.
This index is constructed by summing the products of the eigenvectors myl-
tiplied by standardized values for the corresponding traits. A high
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Table 2. ' Means for 20 traits measured on the inbred and exotic pearl
millet parents

Parent
Tralt J104 818 AL NEED NILD
FLV (DAE) 52.6 62.2 68.9 63.7 n.9
6R (g/m’/da) 9.1 8.9 14.3 15.7 18.2
6y (g/m?) 283.9  201.1 290.1 189.6 88.6
sPY (g/m?) 7.9 297.3 169.9  332.2 199.1
sY (g/m?) 440.6  446.9 844.2  890.0 962.9
BY (g/n?) 818.5  744.2 12141  1222.2  1162.0
co (g/m?) 30.7 9.4 176.2  253.0 120.9
™ (%) 75.0 68.0 77.0 54.0 37.0
M1 (%) 34.0 27.0 24.0 15.0 8.0
S (g/200 seeds) 0.6 0.6 0.8 0.5 0.5
EFT 2.8 .9 .9 1.2 3.3
coT 0.5 0.1 0.2 0.2 0.4
AT 0.3 0.1 0.1 0.4 3.6
SL (cm) 15.1 19.5 19.9 34.9 19.4
$6 (wm) 3.3 3.1 3.9 2.9 2.6
SO () 1.2 1.4 1.7 1.7 1.4
PH (cm) 147.9 138.0 231.5  241.5 234.8
LL (we) 45.5 51.4 62.5 65.6 59.1
R 1.0 1.0 1.0 7.0 7.0
SH 4.0 4.0 4.0 1.0 1.0




Table 3. Eigenvector values for the first principal t, the proportion of the total progeny
variance accounted for by this component (v Is R, spindle width (R), and the
correlation of component scores with GY (G','ani R "ha’ for six pea;1 millet matings

Matings

AL NEED WILD
Traits J104 818 J104 818 J104 818
EFT 0.22 0.13 0.25  -0.24 -0.21 -0.28
CBT 0.20 0.11 0.30  -0.23 -0.18  -0.31
$S -0.18  -0.11 -0.07  -0.02 -0.07 0.07
AT -0.08 0.03 -0.04 0.04 -0.18  -0.2¢
AR -0.06 0.06 -0.04  -0.07 -0.06 -0.28
SH 0.02 0.01 0.03  -0.05 -0.16  -0.24
SPY -0.08 0.24 -0.16 0.13 0.09 -0.14
Sy 0.23 0.45 0.29 0.36 0.31 0.19
FL 0.42 0.35 0.36 0.35 0.34 0.25
CBD 0.05  -0.27 0.09 -0.14 0.05  -0.12
BY 0.12 0.44 0.19 0.34 0.30 0.24
™ -0.29 -0.08 0.24  -0.08 -0.05 0.20
HI 0.3  -0.22 0.35 0.12 0.06 0.10
sL 0.20 0.26 0.16 0.25 0.35 0.33
G 0.18 -0.11 0.0l 0.14 0.11 0.12
PH 0.42 0.20 0.34 0.32 0.36 0.22
L 0.30 0.28 0.35 0.37 0.39 0.32
D 2.23 0.25 0.33 0.38 0.36 0.
Y /K 0.22 0.22 0.28 0.25 0.25 0.27
Y 0.82 0.82 0.76 0.79 0.79 0.77
‘oY 0.42%*  0.31% -0.49%  0,29% 0.19*  0.51%
roR 0.35**  0.16* 0.57%*  0.23%* 0.52%* -0.02

901

%, ** Significant at the 0.05 and 0.01 levels, respectively.



Table 4. Eigenvectors of the second principal component in each mating, the proportion of the total
variance accounted for by this component (yzlk). and the correlation of the component
score with Gv(r“) and GR ('GR)

Matings
AL WEED MILD

Variables J104 818 J104 818 J104 818
EFY -0.16 0.33 0.41 0.32 0.10 0.22
cBY -0.14 0.33 0.29 0.30 0.04 0.16
SS 0.15 0.21 0.17 -0.20 0.21 -0.24
AT -0.04 0.18 -0.13 0.19 0.28 0.16
AR -0.13 0.04 -0.13 ~0.09 0.28 0.19
SH -0.03 0.08 -0.20 -0.09 0.28 0.11
Hy 0.45 0.4¢ -0.01 0.47 -0.30 0.23
Sy 0.46 0.07 ~0.36 0.23 0.16 0.40
fl -0.05 -0.26 -0.17 -0.16 0.13 0.29
o -0.40 -0.18 0.3% -0.30 0.02 -0.22
8y 0.55 0.23 . -0.33 0.38 0.02 0.28
™ 0.06 0.24 -0.13 -0.23 0.44 -0.15
Hl 0.04 0.39 -0.22 -0.31 0.51 -0.42
HL -0.02 -0.01 0.28 -0.11 -0.08 -0.05
HG 0.13 0.16 0.31 -0.03 -0.24 -0.22
PH -0.02 -0.17 0.07 ~0.04 0.21 0.25
LL -0.05 -0.19 0.05 -0.06 0.04 0.22
SD 0.10 -0.19 0.10 -0.14 0.08 0.09
vzlk 0.16 0.13 0.14 0.14 0.18 0.21
Y6y 0.67**  0.76%* 0.06 0.75%* -0.81** .0.48**
GR -0.03 -0.08 0.08 -0.09 0.27%+ 0.19*

{01

*, ¥ Significant at the 0.05 and 0.01 levels, respectively.



Table S. Eigenvectors of the third principal component in each mating, the proportion of the total

variance accounted for by this
score with GY (rsy) and GR ('GR)

component (y3lk), and the correlation of the component

Matings
WEED WILD
Variables J104 818 J104 818 Ji104 818
EFY 0.50 -0.39 0.04 0.29 0.38 0.25
ceY 0.49 -0.35 0.06 0.28 0.39 0.23
SS 0.25 0.39 034 0.32 -0.25 0.31
AT ~0.39 -0.03 0.04 0.0¢ 0.15 0.16
AR -0.14 0.15 ~0.02 0.13 0.26 0.24
SH 0.07 -0.01 0.02 0.04 0.07 -0.11
HY 0.11 0.15 0.54 -0.08 0.36 -0.47
SY -0.06 0.01 0.25 0.25 0.31 0.23
FL ~0.06 0.06 -0.09 0.03 -0.15 -0.22
co 0.08 0.18 -0.23 -0.24 -0.33 -0.21
8Y 0.02 0.06 0.47 0.16 0.39 0.40
TH 0.14 0.35 -0.26 0.44 0.02 <0.01
Hl 0.18 0.33 -0.23 0.53 -0.02 0.14
“L ‘0.25 0.21 00 l‘ o.m 0003 '0007
HG 0.29 0.24 0.26 -0.27 0.20 0.36
PH -0.12 0.16 0.14 0.06 -0.03 -0.07
KR ~0.11 0.21 0.03 -0.04 -0.06 -0.03
SO 0.11 0.29 0.10 -0.07 0.04 0.04
Yslk 0.12 0.12 0.12 0.11 0.16 0.11
ey 0.22** 0.44%* 0.81+** -0.43** 0.38** 0.48**
*GR 0.07 0.31** 0.15 -0.03 0.11 0.13

** Significant at the 0.01 level.

801
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{ndex would show that a progeny line was similar to one parental pheno-
type and a low score that it was similar to the other parental phenotype.
In the J104 x AL mating, a high score would show that a line was similar
to the AL phenotype. Eigenvectors for the first component in this mating
were high for those traits by which the J104 and AL parents differed most.
It accounted, however, for only 22% of the progeny variability. The R-
value was 0.82 in this mating, which indicates that there was no restric-
tion to recombination between adapted and exotic parent traits. A low
value for R would have indicated a restriction on recombination. The
first principal component was significantly and negatively correlated
with GY and significantly and positively correlated with GR. Thus, there
were definite and important associations of the exotic phenotype with low
GY and high GR, but they uoro not strong. Eigenvectors for the second
component of the J104 x AL (Table 4) indicated that this component was
associated with those traits that contribute to efficiency of biomass
production before flowering. A high progeny score for this component was
associated with the high biomass characteristics of AL and the efficient
partitioning of assimilates between vegetative and reproductive growth

of J104. The second component was significantly and positively correlated
with GY but noncorrelated with GR. This indicated that GR was not associ-
ated with BY in this mating. Eigenvectors for the third component of
J104 x AL (Table 5) indicated it was associated with traits related to
partitioning of assimilates between basal and aerial tillers. Low EFT
was associated with low AT. This component had a small but significant
positive correlation with GY and no association with GR, so high GR was
not associated with a high EFT or AT.
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In the 818 x AL mating, the proportion of total variance accounted
for by the first three principal components was 48%. The first com-
ponent (Table 3) had large eigenvectors for the productivity traits SPY,
SY, BY, FL, HL, PH, LL, and SD. This component was heavily weighted by
measurements of photoperiodic response or biological habit, so a high
component score was associated with the exotic parental phenotype for
these traits. This finding corroborated the results of Pernés et al.
(1980). There were low but significant positive correlations of this
principal component with 6Y and GR. Large eigenvectors for the second
component for 81B x AL were associated with traits that measured the
efficiency of partitioning of assimilates: A progeny with high EFT,
CBT, SPY, HI, SS, BY, TH, and early flowering would be representative of
a desired pear] millet ideotype. That is, an adequate supply of assimi-
lates partitioned efficiently between basal tillers, panicles, and
individual seeds in an early genotype should produce a high grain yield.
This component was significantly and positively correlated with GY but
was noncorrelated with GR. High efigenvectors for the third principal
component were associated with high values of SS, TH, and HI but low
values of EFT and CBT (Table 5). Thus, this component represented the
compensatory relationship between spike number and seed weight. It was
significantly and positively correlated with both GY and GR. The
correlation with GR indicated that some lines with both high GR and high
HI occurred in this mating.
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Components of WEED Matings

For the J104 x WEED and 818 x NEED matings, the first three
principal components accounted for S0 and S5% of the total variance,
respactively. The elgenvectors of the first principal component (Table
3) in both matings indicated that a high scoring progeny was associated
with the weedy phenotype. No recombination spindle was defined for
either mating. The first principal component for J104 x NEED was sig-
nificantly and negatively correlated with GY and significantly and posi-
tively correlated with GR. This was expected since low GY and high 6R
are characteristic of the NEED phenotype. In the 818 x WEED mating,
this component was significantly and positively correlated with both
GY and GR.

The eigenvectors for the second component of the J104 x JEED
mating (Table 4) were high for traits associated with partitioning be-
tween spike number and size. High second component scores contained
high positive weights for BY, SY, EFT, and CBT and negative weights for
€D, SL, and SG, 50 in plant development a high biomass and efficient
partitioning to basal tillers were associated with low vegetative/
reproductive competition and small heads. This component was not
correlated with either GY or GR in J104 x WEED. Interestingly,
eigenvectors for the second component for the 818 x WEED mating (Table
4) and the third component for the J104 x NEED mating (Table 5) were
similar in magnitude. A high score was associated with high TH, SS,
HI, EFT, CBT, and biomass traits (SY, SPY, and BY) but low competition
between vegetative and reproductive growth after flowering (CD). That
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is, these two couhonnnts were related to partitioning of assimilate
between vegetative and reproductive growth and structures. Component
scores were significantly and positively correlated with 6Y but non-
correlated with GR. Eigenvectors for the third principal component

for 818 x WEED were similar in size to those for 818 x AL, but opposite
in sign (Table 5). The correlation of this component with GY was sig-
nificant and negative in 818 x WEED but significant and positive in
@18 x AL. The traits associated in this component tended to be higher
in AL than in 818; thus a high-scoring 1ine in the 818 x AL mating had
high SS, TH, and HI, but in 81B x WEED, a high-scoring 1ine had a low
SS, TH, and Hl. Correlations of this component with GR were nonsignif-

fcant.

. Components of WILD Matings

In each mating involving NILD, the first three principal components
accounted for about 60% of the total variance. In the J104 x NILD
mating, a high score for the first principal component was associated
with the WILD parental phenotype. It was significantly and positively
correlated with both GY and GR. The second principal component for this
mating had high eigenvectors for traits affected by the domestication
process (Pernés et al., 1980). This association occurred only in J104
x WILD, a mating that involved the two most diverse parents. That is,
J104 was developed from lines of Indian origin, whereas WILD was of
African origin. This component was significantly and negatively
correlated with GY and significantly and positively correlated with GR,
indicating that traits for domestication and productivity in the wild
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parent were associated.

Tha third component of J104 x NILD (Table 5) defined a similar axis
for the progeny as did the third component for J104 x WEED and the
second component for 818 x WEED (Table 4). These components were
heavily weighted by traits that measured the efficiency of partitioning
of assimilates between vegetative and reproductive growth. In both WILD
matings, this component wes positively and significantly correlated with
6Y and noncorrelated with GR. It accounted for less of the variance in
the 818 x NILD mating than in J104 x NILD.

The 818 x NILD mating was the only one for which the first princi-
pal component did not define a hybrid index (Table 3). A hybrid index
was defined 1f the eigenvectors were such that the component score could
be used to determine how closely a progeny line was to the exotic or
adapted parent's phenotype. But in this mating, a high score was
associated with a recombinant type having the values for EFT, C8T, AT,
TH, and SH from 818 and the values for SY, BY, FL, HL, PH, LL, and SD
from WILD. The component score was significantly and positively
correlated with GY but noncorrelated with GR. The eigenvectors of the
second component in 818 x NILD (Table 4) were large for SY and HI. A
high score for this component was associated with the wild parent
phenotype but also with large seeds. It was significantly and negative-
ly correlated with 6Y and significantly and positively correlated with
6R.

In summary, the first principal component score defined a hybrid
index in five of the six matings. In J104 x AL, J104 x WEED, and 81B x



114

NEED, this index involved all the traits in which the parents differed,
but in 81B x AL and J104 x NILD, all the productivity traits were
involved. In one mating (818 x NILD), the first component was associ-
ated with a recombinant type. In five matings, the first-component
hybrid indexes had significant and positive correlations with GR, but
the correlations with Y, although significant, were both positive and
negative. A complex of traits measuring efficiency of partitioning
between vegetative and reproductive growth was associated with the
second component of J104 x AL and 818 x NEED and the third component of
J104 x NEED and the two NILD matings. These components had similar
significant and positive correlations with GY and were noncorrelated
with GR. There were a number of components in the different matings
which defined compensatory relationships between two competing struc-
tures in the plant. For example, there was competition between basa)
and aerial tillers in J104 x AL, between spike number and seed weight in
818 x AL and 818 x WEED, and between spike number and spike size in J104
x NEED. Further, the second components of the WILD matings defined
complexes of traits that were not defined in any other mating. In J104
x WILD, it defined a group of traits associated with domestication, and
in 818 x NILD, it defined a complex of traits that characterized the
wild phenotype with large seeds.

Contrast of First Two Components
Plots of the first vs. the second principal component scores for
the parents and their aco and acl progenies are shown in Figs. 1 through
6 for J104 x AL, 81B x AL, J104 x WEED, 81B x WEED, J104 x WILD, and
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818 x NILD, respectively. In the AL and NEED matings, the parents
differed more for the first component scores than for the second com-
ponent scores. In all the WILD matings, the two parents differed more
for the second component score than the first component score. In one
mating (81B x WEED), the parents differed nearly equally for both com-
ponent scores. In J104 matings, few progeny exceeded the exotic parent
for hybrid index, which means that few offspring in these matings were
more exotic than the exotic parent. In 818 matings, many progeny of
both backcross generations exceeded the exotic parent for the hybrid
index. In 818 x WILD, many backcross progeny exceeded both parents

for the first component; this was not unexpected, since the first
component did not define a hybrid index in this mating. In J104 x
WILD, only one progeny line exceeded the WILD parent's second component
score. This indicated only one progeny 1ine was more nondomesticated
than the WILD parent. The progenies from aco and a(:1 did not differ
for principal component scores in three matings (J104 x AL, 81B x AL,
and 818 x NILD). In contrast, Cox et al. (1984) found that backcross
generations of introgressed progsny from interracial matings of sorghum
did differ in mesn hybrid index scores. The fact that acl progeny were
not phenotypically closer to the recurrent parent than were the aco
progeny was unexpected. In only one mating (J104 x WEED) was there
strong differentiation of generations. In all matings except J104 x
NILD, the progeny were offset from a 1ine connecting the two parents,
which indicated either intra- or interlocus interactions of adapted and
exotic genes (Sneath, 1976).
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SUMMARY

The first principal component described a hybrid index of traits
in five of six matings, and some cosmon complexes of traits were de-
fined by the other components in these matings. However, only 50 to 60%
of the total variances in the six matings were accounted for by the
first three principal components. Because there were no strong
correlations among traits, from adapted parents on the one hand or exotic
parents on the other, selection for recombinant progeny from matings in-
volving the three exotic germplasm sources should be possible. Grain
yield was significantly correlated with several of the principal com-
ponents in the six matings, indicating that the complexes of traits that
the components definad may offer routes for improving GY of pearl
millet. GR was also significantly correlated uif.h several of the com-
ponents but none of the correlations of GY or GR with the principal
components indicated the occurrence of undesirable associations that
would hinder selection of high GY or GR in agronomically desirable

segregates.
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GENERAL CONCLUSIONS AND DISCUSSION

The results presented in the four sections of this dissertation
have important implications relative to the utilization of exotic
germplasm for improving the productivity of pearl millet, either directly
by breeding for higher grain yield or indirectly by manipulating growth
rate. The first two sections dealt with the differences betwean the
exotic strains and the adapted inbred lines. The last two sections
dealt with evaluation of three exotic parents as sources of desirable
genes for improving grain yield and growth rate of adapted pesrl millet
without destroying the adaptability and agronomic type of this crop
plant. '

Section I concluded that the wild accession had an unusual early-
season growth pattern that may have contributed to its greater growth
rate as reported by Brame)-Cox et a). (1984). This wild strain had
seedling establishment and early development patterns that could be
desirable for pear) millet produced in regions where seed)ing establish-
ment limits production. Section Il characterized adapted and unadapted
hybrids and cultivars and weedy and wild accessions of pear) millet for
grain yield, growth rate, biological yield and several other traits. In
this section, it was concluded that the weedy and wild strains may be
sources of genes that could improve growth rate, biclogical yield, and
effective basal tiller percentage of cultivated pear] millet, but these
accesgions possessed a number of undesiradble traits.

In both Section I and Section II, primitive landraces and weedy

and wild accessions were tested per se, but this was not an appropriate
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method to determine the potential of these germplasm sources for
improving grain yield or growth rate in breeding programs where these
sources would be used as gene donors. Section 111 evaluated the breed-
ing potential of these exotic strains for improving grain yield or
growth rate while Section IV evaluated trait associations that might
hMnder the usefulness of them as germplasm sources.

Section I11 concluded that the best parent for improving growth
rate 1n cultivated pearl millet would be the wild accession but the
weedy strain was nearly equivalent. For short-term improvement, the
primitive landraces would be the best source of genes for increasing
grain yield because the agronomic quality of the progeny from matings
involving them was not altered by introgression. However, it was
possible to select segregates with increased grain yield, growth rate,
and biological yield and the harvest index and maturity of the adapted
parent from matings involving any of the exotic parents. Cox et al.
(1984a) studied the use of wild sorghum to improve grain yield of
cultivated sorghum. Less than 1% of the progeny were high transgressive
segregates for grain yield of sorghum, but with pear) millet, there
were 18% high transgressive segregates for grain yield from the wild
accession matings, 44% from the weedy strain matings, and 24% from the
primitive landrace matings. Cox et al. (1984a) found that the mean grain
yield of the top ten progeny lines selected for grain yield significantly
exceeded the recurrent parent in only five of the six interracial mat-
ings and only by 12-15%. In this study, the mean of grain yield of
the top 102 of the pear) millet lines selected for grain yield exceeded
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the recurrent parent by 24-119%. So the grain yield improvements via
introgression were very different in sorghum and pear] millet, but in
neither crop was there any trait association which would hinder tﬁo use
of genes from exotic strains for increasing the productivity potential of
adapted sorghum and pear) millet (Section 1V and Cox et al., 1984b). In
Section 1V, 1t was shown that certain groups of traits were correlated
significantly with grain yield and growth rate. Such a group of traits
usually was associated with a common physiological process and some were
cosmon to severa)l matings. -1f such a group of traits could enhance
grain yield and growth rate, 1t might be beneficial to select for the
group to increase grain yield and/or growth rate.

This study evaluated different exotic strains as donors of genes
for improving pearl millet inbreds per se, but to utilize genes for
higher grain yield or growth rate, the combining ability of derived lines
with these enhanced traits needs to be evaluated. Pear] millet normally
is grown as a hybrid or synthetic. Lines developed in this study and
the inbred parents could be evaluated for combining ability simultaneous-
ly. Bcofz- and Bclrz-dcrind lines, and the original adapted parents,
could be crossed to a number of inbred lines, and any difference in
grain yield or growth rate of the sets of hybrids would result from
alleles contributed by the exotic parents.

This study has implications for long-term population improvement
of pear) millet. Section 1II showed that backcrossing would not be
necessary to improve growth rate in the adapted parent but it may be
needed to improve adaptation of derived lines. It would be best to

make a number of crosses between single plants in an exotic population
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and adapted inbreds. These single-plant crosses would be selfed to
develop F; families that would be tested for growth rate per se and/or
as families of Fz-dorivod Tines to assess variability for growth rate.
The families with high growth rate and variability for growth rate
would be recombined to develop a base population. This high growth
rate base population could be improved for adaptation by backcrossing
and/or population bdreeding. And, the improved populations could be a
source of inbred 1ines with high growth rate and grain yield. These
lines conceivably could have good combining ability for high grain
yield.

This study was part of a larger research program designed to
evaluate the potential of wild and weedy relatives of cultivated crops
for improving quantitatively inherited traits in both allogamous and
sutogamous crops. Pearl millet is different from cats, barley, and
sorghum, the other crops studied, in that it is cross-pollinated and
thus probably has a constant gene exchange with its weedy and wild
relatives in nature. But like sorghum, pear! millet possesses a
large untapped reservoir of genes in the primitive landraces and weedy
and wild relatives.
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