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Abstract

Pearl millet (Pennisetum glaucwm (L.) R. Br.) cultivars for marginal, arid environments need to combine the
adaptation to stress conditions of indigenous landraces with an improved yield potential and disease resistance, to
allow them to both perform well in farmers fields and to meet the requirements for cultivar release. This paper
evaluates landrace-based topcross hybrids (adapted landraces crossed on high-yielding male-sterile lines), as a
quick and efficient way of achieving this objective. Topcraoss hybrids showed a consistent increase in biomass
production across all test environments, including the harsh arid zone environments. Depending upon the plant type
of the male-sterile used to make the hybrid, this was expressed as increased grain yield only, or increased grain
and fodder yields. The downy mildew (Sclerospora graminicola) reaction of the topcross hybrids was determined
by the reaction of the male-sterile line used, with the resistant male-sterile producing resistant topcross hybrids
and vice-versa. Topcrossing adapted landraces on high-yielding male-sterile lines thus provides an opportunity
to improve disease resistance and grain and/or fodder yields, with no apparent loss of adaptation to the marginal
environments in which the landraces have evolved.

yield in high yielding environments {Ceccarelli et al.,

Introduction
) 1993).

The striking increases in productivity of all major cere-
al grains over the last half century have been achieved
by a synergism of improved crop husbandry and mod-
ern cultivars with substantially higher yield potentials
(e.g. CSSA, 1984). The yields of such modern cultivars
in marginal or arid environments, which do not have
sufficient environmental resources for the expression
of a high yield potential, are often disappointing (Mat-
lon, 1985), and may actually be lower than those of
the traditional landraces that have evolved in the area
(Weltzien & Fischbeck, 1990). In such environments
either adaptation to specific environmental stresses is
a larger determinant of crop yield than yield potential
{(Ceccarelli, 1989), or the alleles controlling yield in
such environments are different from those controlling
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Research on breeding for such marginal areas has
largely focussed on two issues: (1) appropriate selec-
tion environments for improving yield in marginal
areas (Zavala-Garcia et al., 1992; Rosielle & Ham-
blin, 1981; Atlin & Frey, 1990; Simmonds, 1991), and
(2) the most effective focus for selection — yield itself
vs (physiclogical} traits associated with resistance to
stress (Ceccarelli, 1988; Fischer, 1981; Richards,
1982). A third issue, less frequency addressed, is the
choice of base material for the breeding program: land-
race materials with adaptation to the stress(es) of the
target environment or elite materials with a high yield
potential in favorable environments.

The landrace option ensures adaptation, but leaves
the breeder the task of improving the responsiveness
of these populations to improved environmental condi-
tions to allow them to compete in national cultivar test-
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ing systems. These systems frequently have a strong
bias towards yield potential, as tests are commonly
grown in relatively favorable locations and with an
atypically high level of inputs, by comparison with
average farmers fields. In addition, such systems often
place a priority on resistance to diseases which are less
of a problem in the marginal than in the more pro-
ductive areas. Landrace populations may not possess
sufficient genetic variation for either yield potential or
disease resistance to derive new varieties from them
directly, although there are exceptions (Weltzien &
Fischbeck, 1990: Ceccarelli & Grando, 1989).

The elite breeding material option assures com-
petitiveness in yield trial systems, but necessitates
improvement of adaptation to the stress{es) of the target
environment. Adaptation is complex and poorly under-
stood, both genetically and physiologically. Deliberate
selection for adaptation may be far more difficult and
progress much slower, than selection for yield potential
and disease resistance, with which plant breeding has
far more experience. This problem is at the core of the
controversies on selection environments and selection
criteria cited in the second paragraph of this introduc-
tion,

Breeding pearl millet (Pennisetum glaucum (L)
R. Br.) cultivars for arid environments clearly illus-
trates this general problem. New cultivars have made
a considerable impact in the higher rainfall areas of
south Asia, where there has been significant adop-
tion of new open-pollinated cultivars and single-cross
hybrids. These have had little impact in the more arid
areas, however (Bidinger & Parthasarathy Rao, 1990).
Comparisons of new cultivars with traditional land-
races have failed to demonstrate their superiority under
drought stress in these areas {Weltzien & Witcombe,
1989; Weitzien R., ICRISAT, unpublished data). If
they are to reach farmers’ fields, new cultivars for these
areas will need to combine the adaptation of the land-
races to the prevailing high temperature, low moisture
conditions, with an improved yield potential to aliow
them to compete in national cultivar trials and under
good conditions.

Recent experience with topcross (male-sterile line
X open-pollinated variety) hybrids in pear] millet indi-
cate that these may be a rapid and effective means
of combining improved disease resistance and yield
potential with the adaptation of the landrace cultivars
(Mahalakshmi et al., 1992). This study was designed
to test this hypothesis; specifically: (1) to compare the
grain and fodder (stover) yields of adapted landrace
cultivars and the hybrids made by topcrossing them on

high-yielding male-sterile lines, and (2) to evaluate the
effect of contrasting plant type (grain or dual Purpose),
disease resistance and maturity of the male-sterile seed
parent, on the grain and fodder yields of their topcross
hybrids. The study was carried out in test environments
representative of the full ran ge of environmental stregg
levels (if not the management levels} of farmers’ fields
in the arid zone of northwest India.

Materials and methods

Sixteen diverse germplasm accessions from the arid
western part of the state of Rajasthan, India, represent-
ing the range of local landrace types (Appa Rao et al.,
1986), were used in this study. Seed samples (obtained
from the ICRISAT Genetic Resources Program) were
increased by sib mating by hand pollination among at
least 50 plants for two seasons. The seed produced in
this way was used directly for the Iandrace cultivars
themselves, and bulk pollen from a planting of a sam-
ple of this seed was used to make the topcross hybrids.

Two male-sterile lines were used to make the
topcross hybrids. The first of these — 843A — is a very
early maturing, bold grain, high harvest index line
which was specifically chosen to preduce high yield-
ing grain hybrids that wouid Aower early, thus escaping
terminal drought stress. This male-sterile is suscepti-
ble to downy mildew (Sclerospora graminicola), the
major disease of pear! millet in India. The topcross
hybrids on 843A are referred to hereafter as the grain
hybrids. The second male-sterile — ICMA 89111 —is a
medium maturity, high tillering, highly downy mildew
resistant line, chosen to produce dual purpose (grain
and fodder) topcross hybrids of similar plant type and
maturity as the landrace pollinators, but with improved
grain yield and disease resistance. The topcross hybrids
on ICMA 89111 are referred to hereafter as dual pur-
pose hybrids. The topcross hybrids had varying degrees
of fertility restoration, but as pearl millet is naturally
cross-pollinated and pollen was abundant in the evaly-
ation trials there was no problem with seed set.

The 16 landraces and the 32 topcross hybrids made
with them, plus two recommended open-pollinated
variety controls —~ RCB 2 and WC-C75 — were eval-
vated during the rainy seasons (July--September) of
1989, 1990 and 1991 in the arid zone of northwestern
India at the Rajasthan Agricultural University research
station at Fatehpur-Shekhawati (Fatehpur) (27.28°N,
81.22°E) and at the Central Arid Zone Research Insti-
tute in Jodhpur (26.30°N, 73.00°E), and under more



favorable growing conditions at the Haryana Agricul-
tural University Farm in Hisar (29.02°N, 75.73°E).
They were also evaluated under managed termi-
nal drought stress conditions at ICRISAT Center
(Patancheru) (17.45°N, 78.47°E) during the dry sea-
sons (February—-April) of 1990, 1991 and 1992. The
trials at Fatehpur and Jodhpur were completely rain-
fed (Table 1), under conditions of high radiation and
midday temperatures > 35° C. The trial at Hisar in
1989 received approximately 150 mm of supplemen-
tal irrigation as rainfall was only 154 mm; the Hisar
trials in 1990 and 1991 were rainfed. Radiation and
temperature at Hisar are similar to those of Jodhpur
and Fatehpur, but soils hold much more water, and
conditions are much less arid because of widespread
irrigation in the surrounding area. The dry season trials
at Patancheru were grown on a shallow soil and irri-
gated only until just prior to flowering, to deliberately
expose the entries to a severe terminal stress. Maxi-
mum temperatures and humidities from flowering to
maturity were similar to those of the arid zone,

The evaluations were conducted as randomized
block experiments with four or six replicates in each
environment. The experiments in all environments
were machine sown in 2 row plots of 4 m length with
an inter-row distance of 60 or 75 cm. Rows were over-
seeded and thinned to 15 ¢m (favorable and terminal
stress environments) or 30 cm (arid zone environment)
between plants at 15 days after emergence. For the
rainy season trials, nitrogen (20 kg ha~'} and phos-
phorus (18 kg ha~') were banded below the rows pri-
or to sowing. An additional 20 kg ha=! of nitrogen
was side-dressed approximately 20 days after emer-
gence, except at Jodhpur and Fatehpur in 1989 and
1990, where no side-dressing was given. For the dry
season trials, both presowing and side-dressing nitro-
gen application rates were higher (40 kg ha™'). The
plots were kept free from weeds by cultivation and one
hand weeding. There was no significant incidence of
disease or pests at any location,

Time to 50% flowering was recorded for each plot
based on stigma emergence in main shoot panicles.
At maturity, all panicles in the central 3 m of both
rows of the plot (3.6 or 4.5 m?) were harvested by
hand and the stover cut at ground level. The panicles
were dried, weighed, threshed and the grain weighed.
The fresh weight of the stover was recorded at harvest
and a sub-sample was chopped, weighed, dried and
then weighed to determine moisture percentage. Total
stover dry weight was calculated from fresh weight and
moisture percentage. Total above ground biomass and
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harvest index (HI = ratio of grain yield to total above
ground biomass) were calculated from stover, panicle
and grain dry weights.

Both the landraces and topcross hybrids were eval-
uated for seedling reaction to the Patancheru and
Rajasthan isolates of pearl millet downy mildew at
Patancheru, using a modified version of the Singh &
Gopinath (1985) procedure. Three replicate pots that
had been sown with 30 seeds each were spray inocu-
lated at the coleoptile to one-leaf stage, with freshly
harvested sporangia suspended in water at a concen-
tration of 1 x 10® sporangia ml~!. Inoculation and
subsequent incubation (approximately 16 hours) were
carried out under a controlled temperature of 20 +
1° Cto assure maximum germination, penetration and
colonization by the fungus, Pots were then returned to
the greenhouse to allow the disease to develop. Downy
mildew incidence was recorded 20 days later. as per-
centage of plants per pot showing symptoms. Separate
experiments were conducted for each isolate.

Yield data for each test location were analyzed sep-
arately and error variances compared by Bartlett’s test
{(Steel & Torrie, 1960). Error variances for all locations
were homogeneous, except for the lowest yielding
location (Fatehpur, 1989). For the combined, across-
location analysis of variance, all effects except loca-
tions {within environments) and landrace accessions
were considered fixed. Genotypes in the trial were
divided into landrace, grain hybrid (843A hybrids)
and dual purpose hybrid (ICMA 89111 hybrids)
groups. Locations were subdivided into arid (Fateh-
pur & Jodhpur), faverable (Hisar) and drought-stressed
(Patancheru) environment classes for purposes of ana-
lyzing the genotype x location interaction. The two
control varieties were not included in the analysis;
their yields are reported (Table 3) for information only.
Analyses were done with the ANOVA, REGR, and
VARCOMP procedures of SAS (SAS Institute, 1985).

Results

Location differences

Growing season rainfall ranged from 192 to 282 mm
across the six arid zone environments, indicating the
dryness of the environments in northwestern India
where pearl millet is grown (Table 1). (The crop at
Jodhpur in 1990 had access to an unknown amount of
stored soil moisture due to a freak preseason storm in
which 500 mm of rain fell, causing widespread flood-
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Table 1. Seasonal rainfall, mean grain and dry fodder (stover) yield, harvest index and
broad sense heritability (entry mean basis) for grain yield, for individual test locations,

grouped by environment

Seasonal Grain Fodder Harvest ~ Heritability

rainfall yield yield index (grain

{mm) gm=?) (Egm Y (B yield)
Arid zone environment
Fatehpur 1989 220 29 168 11.2 041
Fatehpur 1990 229 11 228 2717 0.49
Fatehpur 1991 282 143 - - 0.45
Jodhpur 1989 210 i08 245 26.1 043
Jodhpur 1990 774! 151 300 30,0 0.55
Jodhpur 1991 192 72 - - 045
Mean 102 235 213 0.46
Favorable environment
Hisar 1989 154+ 1502 207 607 21.3 0.86
Hisar 1990 457 [50 552 18.6 .87
Hisar 1991 193 204 537 244 0.63
Mean 187 565 214 0.79
Terminal stress environment
Patancheru 1990 18 +2187 4] 351 238 093
Patancheru 1991 88+ 1552 163 418 241 0.86
Patancheru 1992 4+1692 126 341 216 0.91
Mean 143 370 23.1 0.90

! Nearly 500 mm of this total fell in one week before sowing.
2 Approximate irrigation applied (pre-flowering).

ing.) Arid environment mean grain yields ranged from
a low of 29 g m~? at Fatehpur in 1989 to 151 g m~?
at Jodhpur in 1990. There was only a weak relation-
ship between grain yield and total rainfall received (r=
0.23), suggesting that the rainfall distribution was more
tmportant than the tota rainfall in determining location
mean grain yield. Dry fodder (stover) yields were also
low for the arid zone environments, ranging from 168
to 300 g m~ 2. Harvest indices (except for Fatehpur,
1989) were high (Table 1), suggesting that grain yields
were low because total plant growth was limited by
lack of moisture in this zone. The lower heritabilities
(broad sense) for grain yields in the arid environments
{Table 1} also indicate that genotypic differences were
less clearly expressed in this environment than in the
other two environments.

Mean grain yields in the more favorable environ-
ment at Hisar were nearly double those in the arid zone
and mean fodder yields at Hisar were nearly 2.5 times

those in the arid zone (Table 1). Growing season mois-
ture was greater at this location (and rhay have been
even greater than indicated in Table 1, as the location
is used for irrigated forage crops in the winter season
and often has appreciable stored moisture at the time
of sowing of millet). The soil (an alluvial silt loam)
also has both a much higher moisture holdin g capacity
and a higher fertility than soils at Fatehpur & Jodhpur
that are > 90% sand.

Grain and fodder yields in the terminal drought
stress environment at Patancheru were intermediate
between those in the arid zone locations and the more
favorable location at Hisar (Table 1). Heritabilities for
both grain and fodder yields were much hj gher for this
efivironment as it is a ‘managed’ stress environment
with better control over experimental variation com-
pared to especially the arid zone environments. Dif-
ferences among the three environments and the trials
within them were highly significant for all variables
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Table 2. Analysis of variance for environment, genotype and genotype x environmenteffects, for time to Alowering, grain and

fodder (stover) yields, biomass and harvest index

Source of variation df Mean square for
Time to Grain Fodder Biomass Harvest
flowering  yield yield index
Location' 11 (92 3016** 514941** 4515813**  11108320** 4844+
Environment 2 498+ 1576960**  18692021**  43110600** 800"
Test (environment) 9(7) 3576** 278937** 465468** 1964812** 6000**
Genotype ‘ 47 554+ 34581** 105943** 121898** 792**

Group 2 8045** 545300** 900111** 1344962%*  12046**

Accession 15 530** 2481 1%* 145089** torige= Fo2**

Group x accession 30 66** 3619** 26416%* 28646* 87

Genotype x location 516(422)

Group x location 22(i8) H19** 22465%" 31546™* 112495** 256**
Group x environment 4 340™* 90485%* 65187+ 277293%* 858**
Group x test (arid) 10.(6) 37 3485** 16199M3 51111* 2308
Group x test (favorable)} 4 28+ 12105** 29009* 103018** 35%*
Group X test (stress) 4 191~ 12257** 23465* 49250* 124**

Accession X location 165 (135) 29** 2971** 18682** 25153*+ 35%*

Group % accession X location 329(269) [9** 2083*~ 13331~ 15454N8 41**

Replication (location) 43(37) 32 9623 45830 118814 116

Error 1927 (1657) 5.8 1325 5892 17529 148

CV% 4.1 262 242 210 16.9

I Tested against replication {location) mean square.

2 ¢f in parentheses are for stover, biomass and harvest index.

*, ** Indicates significance at P = 0.05 and P = 0.01 levels, respectively.

N5 Not significant.

(Table 2). Environment accounted for 26% of the total
sums of squares for grain yield, and trial within envi-
ronment accounted for 21%.

Landraces vs topcross hybrids

Flowering. The grain topcross hybrid group flow-
ered earlier than both the landraces themselves and
the dual purpose topcross hybrid group, in all three
environments {Table 3). The difference in flowering
between the grain topcross hybrids and the landraces
was more evident in the favorable and terminal drought
stress environment, in which crop development was
not affected by stress before flowering, but was signif-
icant across all environments (Table 2). Differences in
flowering between the landraces and the dual purpose
topeross hybrid group were small but significant in
all three environments (Table 2). Individual accessions

also differed in time to flowering, as did their interac-
tions with both group and location (Table 2}, The two
open-pollinated variety controls were the latest to flow-
er in both the arid zone and favorable environments.

Grain yield. Both groups of topcross hybrids outyield-
ed the landrace group, with the differences increasing
as the mean environmental yield level increased (Table
3). The grain topcross hybrids outyielded the dual
purpose hybrids, in the arid and terminal stress envi-
ronments. Differences between the three groups were
significant in all three environments, but varied with
environment, resulting in a significant group x envi-
ronment interaction (Table 2). The yield advantage of
the topcross hybrids over the landraces was of the order
of 15-25% in the arid environment, and increased to
30-40% in the favorable environment (Table 3). Yield
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Table 3. Mean time to flowering, grain and fodder (slover) yields, biomass and harvest
index of the landrace, the grain type topeross hybrids and the dual purpose topeross

hybrids, for the three test environments

Time to Grain Fodder Biomass Harvest
flowering!  yield! yield' (gm™2)!  index!
(d) (gm=%) (gmY (%)
Arid zone environment (6)?
Landraces 555 89¢ 2300 362% 21.60
Grain type TCH 52¢ 12¢ 2255 3899 26.9¢
Dual purpose TCH ~ 57¢ 103® 257° 409° 21.8%
Controls 61 71 184 279 18.1
Favorable environment {3)
Landraces 555 153¢ 582k §72t 18.0¢
Grain type TCH 4g° 202k 520¢ 838¢ 24 49
Dual purpose TCH ~ 56¢ 213¢ 613¢ 9789 21.9°
Controls 57 177 507 829 209
Terminal stress environment (3)
Landraces 579 103¢ 3770 560° 18.1¢
Grain type TCH 49¢ 183¢ 327¢ 618% 29.4%
Dual purpose TCH 55 144® 4078 650% 219t
Controls? 57 115 354 490 19.7

! Means followed by the same letter are not significantly different
(P < 0.05) according to Duncan's multiple range test.

2 Four environments only for fodder yield, biomass and harvest index.

3 2 years data only.

differences in the terminal stress environment were
considerably greater (40-80%), which was largely due
to the very effective drought escape provided by the
carlier flowering of especially the grain hybrids. There
were also significant differences in yield among indi-
vidual accessions and significant accession x location
differences in yield, but the group effect accounted
for the major portion of the genotype and genotype x
environment effects (Table 2). The two control culti-
vars yielded less in the arid zone environment than the
landraces but outyielded the landraces in the other two
environments, emphasizing the importance of adapta-
tion in the former environment. The topcross hybrids
outyielded the open-pollinated variety controls in all
three environments.

Fodder (stover) yield. The dual purpose group of
topeross hybrids produced the highest fodder yields
across all three environments; differences were again
more marked in the more favorable environment {Table
3). Because of this, the group x environment interac-

tion for fodder yield was significant (Table 2), The
landraces generally produced greater fodder yields
than the grain topcross hybrids, but differences were
significant only in the favorable and terminal stress
environments (Table 3). Differences in fodder produc-
tion thus followed differences in duration of the pre-
flowering growth period, except in the terminal stress
environment. As in the case of grain yield, individual
accesstons also differed in fodder yield and in response
to individual test location (Table 2}). The controls pro-
duced the lowest fodder yields in all three environ-
ments, with the exception of the grain hybrids in the
terminal stress environment (Table 3).

Downy mildew resistance. The Rajasthan and
Patancheru isolates of the pathogen both produced
similar mean levels of disease in the landraces (27—
28%) and in the grain topcross hybrids (38-39%,
Table 4). In the dual purpose topcross hybrids made
on the resistant male-sterile line ICMA 89111, the



Table 4, Mcan and range (in parentheses) of downy mildew inci-
dence {percent of seedlings infected) in the landraces, the grain
type topcross hybrids and the dual purpose topeross hybrids, in
response (o artificial inoculation of seedlings with isolates of the
pathogen from Patancheru & Rajasthan

Group Downy mildew inctdence (%)

Patancheruisolate  Rajasthan isolate

Landraces 27.3 (6-65) 28.2 (7-61)
Grain TCHs 37.6 (18-57) 38.9(13-35)
Dual purpose TCHs  11.5(1-24) 1.1(0.1-3.2)
SE! + 161{(£112) £ 099(% 6.84)
CV% 76 53

! For group means and individual
genotype values (in parentheses).

Patancheru isolate produced an average of 12% dis-
ease and the Rajasthan isolate an average of only
1% disease. Individual landraces had a wide range
in downy mildew resistance/susceptibility: 6-65% of
plants infected by the ICRISAT isolate and 7-61%
infected by the Rajasthan isolate (Table 4}. Individual
grain topcross hybrids had a similar range, but the indi-
vidual dual purpose topcross hybrids had only 1-24%
disease with the Patancheru isolate and only 1-3% dis-
ease with the Rajasthan isolate. All the dual purpose
topcross hybrids would be considered resistant to the
Rajasthan isolate (< 5% plants infected).

Discussion
Arid environment locations

The better grain and fodder yields of the landraces
compared to those of the two controls (Table 3) support
our original hypothesis that the adaptation to the arid
zone environment possessed by the landraces is a more
important determinant of yield in this environment than
the improved yield potential of more modern cuitivars.
This result, based only on two control cultivars, should
not be extrapolated beyond this experiment, but the
two controls used are released cultivars, recommended
for Rajasthan (AICPMIP, 1988), and perform well in
the less arid eastern part of the state.

The grain yield superiority of the topcross hybrids
over their parent landraces in the arid zone, from which
the landraces originate, was very clear (Figs. 1aand b),
At Jodhpur, 30 of the 32 topcross hybrids equaled or
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outyielded their pollinators. The superiority in several
individual comparisons was as much as 50% of the
landrace pollinator mean yield over the three years. At
Fatehpur, the superiority of the topcross hybrids was
not as consistent as at Jodhpur — only 22 of the 32
topcross hybrids equaled or outyielded their pollina-
tors (Fig. 1b). But here also several individual topcross
hybrids outyielded their pollinators by 50%. If even
half of this superiority in the case of the better com-
binations could be maintained on farmers’ fields, the
potential gains in productivity would be substantial.
Considering the small sample of landraces used in this
study, the potential for identifying truly outstanding
topcross hybrids for the arid zone seems very good
indeed.

The superior grain yields of the topcross hybrids
were associated with an increase in biomass produc-
tion in both the grain and dual purpose hybrids, plus,
in the case of the grain hybrids, an increase in harvest
index (Table 3). The actual difference in biomass in the
case of the grain hybrids and the pollinators was only
7%. However, this was achieved in a shorter life cycle
in the grain topcross hybrids, so growth rate differ-
ences would have been somewhat larger. The increase
in biomass in the dual purpose topcross hybrids was
13%, but this was achieved in a slightly longer life
cycle. On average therefore, topcrossing resulted in
approximately a 10% higher growth rate. The sub-
stantial increase in harvest index in the grain hybrids
was due primarily to the plant type of the male-sterile
line. The greater biomass production of both groups
of hybrids also resulted in a similar (grain hybrids) or
an increased (dual purpose hybrids) fodder production,
compared to the landraces,

Grain yield differences among the individual
topcross hybrids themselves were not related to dif-
ferences among the landrace pollinators in either yield
or time to flowering at Fatehpur, but were weakly
related to landrace pollinator yield at Jodhpur (Table
5). The effect of the male sterile-line was significant
(grain hybrids > dual purpose hybrids) only at Fateh-
pur, which may have been a correlated effect of earlier
flowering of the grain type male-sterile. Grain yield in
the arid zone thus appeared to depend more on specific
interactions between individual parents than on strong
parental effects. At both arid zone locations hybrid dif-
ferences in fodder yield were influenced by the male-
sterile used (dual purpose type > grain type) and by the
landrace pollinator time to flowering in Fatehpur (Table
5). Thus later flowering was the main determinant of
fodder production in the topcross hybrids, which obvi-
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Fig. 1. Relationship between mean grain yield of individual landraces and their topcross hybrids in (a) the arid environment (Jodhpur), (b) the

arid environment (Fatehpur), (c) the favorable entvironment (Hisar),

three years in each environment for individual grain topeross hybrids

ously will involve some compromise between grain
and fodder yields in at least some arid environments.

Favorable environment

In the more favorable environment at Hisar, all topcross
hybrids equaled or outyielded their landrace pollinators
over the three years of testing (Fig. 1c). The spread of
superiority was similar to that in Jodhpur - ranging
from marginal to more than 50%.

The increase in biomass production in the topcross
hybrids in this environment was similar to that in the
arid zone environment. The grain topcross hybrids pro-

and (d) the terminal stress environment {Patanchery). Data are means of
(Q) and dual purpose topeross hybrids (A).

duced 96% of the biomass of the landraces, despite an
11% shorter vegetative growth period, and the dual
purpose topcross hybrids produced 12% more biomass
in essentially the same growing period as the landraces
{Table 3). Grain yield differences among groups was
a function of differences in both biomass and harvest
index — the grain topcross hybrids outyielded the land-
races on the basis of their higher harvest index, and
the dual purpose hybrids outyielded both by combin-
ing their significantly higher biomass production with
an intermediate bharvest index (Table 3). Differences
in fodder yield were related to differences in biomass
among the three groups.
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Table 5. Coefficients and associatedt values (in parentheses) from the multiple regres-
sion of individual topcross hybrid grain and fodder yield on landrace pollinator prain
and fodder yield and time to flowering, plus a dummy variable for the male-sterile
line used in making the hybrids (843A = 1, ICMA 89111 =0)

Independent variable  Arid zone environment  Favorable Stress
Fatehpur  Jodhpur environment  environment
Dependent variable: grain yield
Intercept 185.6 1169 2105 1487
(2.56)* (1.59) (2.74)* 2.11)*
Pollinator grain 0.084 0.398 0.531 0217
yield (0.18) (227 27" (1.59)
Pollinator flowering - 1.88 - 072 - 1.44 - 0459
(1.64) (0.63) {1.28) (0.44)
Male-sterile [2.9 6.25 -11.0 37.8
(2.05)" {1.36) (1.36) (8.30)**
RZ 0.22 0.30" 0.34"* 0.74**
Dependent variable: fodder yield
Intercept -79.6 70.2 2394 38.6
(0.81) (0.40) (1.65) (1.09)
Pollinator fodder 0.252 0.125 0.116 0.0.36
yield (1.47) (0.79) (0.80) 0.21)
Pollinator flowering 413 3.55 5.60 537
(2.31)* {1.03) (1.58) 2.51)*
Male-sterile 214 -41.5 929 -281.0
2.1 (2.86)** (5.04)** {8.94)**
r? 0.35*" 0.29* 0.56** 0.78**

*, " Indicates significance at P = 0,05 and P = 0.01 levels, respectively.

Individual topcross hybrid grain yield was related to
landrace pollinator yield in the favorable environment,
as in Jodhpur; but there was no effect of the male-sterile
line used (Table 5). Hybrid fodder yield was related
only to the male-sterile used, with the dual purpose
hybrids again outyielding the grain hybrids. In this
environment, in contrast to the arid zone locations, late
flowering was not a disadvantage, so it was possible to
combine greater grain and fodder yields into the same
topcross hybrids, by exploiting the increase in biomass
production plus a small improvement in harvest index
(Table 3).

Terminal stress environment

As in the case of the favorable environment, all
topecross hybrids in the terminal stress environment at
Patancheru were equal or superior to their landrace
pollinators in grain yield (Fig. 1d). Maximum yield

superiority of the grain hybrids (but not necessarily the
dual purpose hybrids) was greater in this environment
than in any other, due to the large effect of drought
escape. Under the high temperature conditions of this
environment (mean maximum temperature > 353° C)
grain filling is completed in not more than 20 days.
With irrigation managed to initiate stress about mean
flowering time for the entire trial, an eight day differ-
ence in flowering time between the grain type topcross
hybrids and the landraces, provided a large advantage.

There was again evidence of an increase in growth
rate in the topcross hybrids in the form of a 10-15%
greater biomass production (Table 3). Phenology dif-
ferences were less important in biomass production in
this environment, as the stress terminated growth in
all three groups before maturity. However, grain yield
differences among the three groups were less a func-
tion of biomass differences in this environment than of
differences in harvest index. Under the terminal stress,
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the differences in harvest index among groups seen in
the favorable environment were reinforced by parallel
differences in time to flowering, so that the range in
harvest index was far larger than in the favorable orarid
environments (Table 3). Fodder yield was influenced
by both biomass and harvest index. The dual purpose
topcross hybrids had the greatest fodder yields based
on the highest biomass. The landraces had the second
highest fodder yields, despite having the lowest over-
all biomass production, as they had the lowest harvest
Index (Table 3). '

The differences in grain yield among individual
topcross hybrids were unrelated to differences in lan-
drace pollinators, and were determined mainly by the
drought escape provided by the ear] ¥ grain type male-
sterile line (Table 5, Fig. 1d). Differences in hybrid
fodder yield were related to the time of flowering of
the landrace pollinatorand to the choice of male-sterile
line (dual purpose type > grain type). This environment
thus best illustrates the trade-off in grain and fodder
yields that can be effected with choice of male-sterile
line in topcross hybrids.

Downy mildew reaction

The downy mildew resistance/susceptibility of the
topcross hybrids seemed to depend primarily on the
reaction of the male-steriie line to the individual iso-
late. The grain topcross hybrids were significantly
more susceptible than the pollinators because of the
lack of resistance in 843A to either the Rajasthan or the
Patancheru isolates. Some of the dual purpose topcross
hybrids possessed acceptable resistance (< 5% plants
showing symptoms) to the Patancheru isolate, but as a
group they were still susceptible, aithough less so than
the landraces. Only in the case of the Rajasthan isolate
did ICMA 89111A have sufficient resistance to con-
fer resistance on all the topcross hybrids. A regression
modeling exercise similar to that presented in Table 5
for grain yield explained 69% of the variation in hybrid
response to the Patancheru isolate and 81% of response
to the Rajasthan isolate, In neither case, however, was
the t-value for the responses of the landrace pollinator
significant, in contrast to the dummy variable for the
male-sterile which was highly significant (P < 0.0001)
for both isolates. A similar dominant effect of downy
mildew resistance in certain parental lines has recently
been demonstrated in conventional F) (male-sterile x
inbred restorer) hybrids (Singh, $.D., unpublished).
Downy mildew is the major biotic constraint to
improved pearl millet production in India, particularly

in F) hybrids. Downy mildew epidemics have caused
substantial yield losses in F; hybrids in 1970-197¢,
1983, 1984, 1987 and 1988 (Singh et al., 1993). These
epidemics have resulted in the withdrawal from culti-
vation of several otherwise excellent hybrids. Downy
mildew resistance is therefore a primary selection crite.
rion in breeding programs and an absolute requirement
for cultivar release for both open-pollinated varietieg
and hybrids in India. The inherently rather high lev-
els of susceptibility in the landraces (Table 4) prob-
ably means that a breeder wishing to use them ag
sources of adaptation would have to cross them to nop.
landrace materials with much better Jevels of downy
mildew resistance, in order to meet the criteria for cul-
tivar release. Topcrossing landraces on hi ghly resistant
male-sterile lines may be the simplest way of meeting
this requirement.

Potential for topcross hybrids based on landrace pol-
linators

The experiment produced consistent evidence of a s g
nificant increase in grain and/or fodder yield as a result
of topcrossing landrace cultivars on male-sterile lines,
in both favorable and harsh arid environments. This dif-
ference between the topcross hybrids and their variety
poilinators, which is an indication of heterosis, is most
clearly expressed as an increase in biomass produc-
tion per day of growing season i.e., in mean seasonal
growth rate. The increases in productivity measured
in this experiment were greater than those reported by
Mahalakshmi et al. (1992) with more diverse varieties
as pollinators and in higher yieldin genvironments. The
above study did report greater gains in productivity in
the less improved pollinator varieties as a result of
topcrossing, however, which may explain the differ-
ence in the degree of apparent heterosis between the
two experiments. The same trend — greater apparent
heterosis in topcross hybrids made with lower yielding
landraces — was found in this experiment, even among
landrace poliinators from a sin gle geographic area (Fig.
1).

The highlevel of apparent heterosis was most prob-
ably due to the divergence in origin between the land-
races (India) and the two male-sterile lines (bred from
primarily African parents). However, the possibility
that a part of this apparent heterosis was a resnit of
some inbreeding in the landrace cultivars themselves
as aresult of small plant populations (either at the time
of the original collection or during the seed increase
of the original accessions) cannot be completely ruled



out, as pearl millet does suffer from inbreeding depres-
sion (Burton, 1952).

The strong indications of heterosis in growth
rate/biomass production under arid zone environments,
opens new avenues for using locally adapted landraces,
in conjunction with high yielding hybrid parents from
breeding programs for favorable environments, to meet
the combined requirements of adaptation and improved
yield potential for new cultivars for the arid zone. The

.experiment also indicates that selection among both
groups of materials — the landraces for performance
in the target environment(s) and the male-steriles for
their effects on hybrid plant type — should be effective
in maximizing productivity and utility of the resulting
topcross hybrids.

The choice of the male-sterile line appears to offer a
particularly powerful opportunity to improve or change
selected characteristics of the landraces rapidly and
cheaply, because of its large influence on the plant
type ot the topcross hybrid. This is evident in this
experiment in three examples: (1) the achievement of
significant drought escape, with its large effect on grain
yield, in the terminal stress environment through the
use of an early male-sterile, (2) the control over the bal-
ance of grain and fodder production, for farmers with
different end product requirements, through choice of
the male-sterile, and (3) the dramatic improvement in
downy mildew resistance with a resistant male-sterile.
Presumably other characteristics of the landraces, such
as grain size, color and hardness, particularly if they
are dominant in the male-sterile, could be easily modi-
fied through topcrossing, if there were an advantage in
doing so.
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