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Abstract

Functional knowledge of the physiological basis of crop adaptation to stress is a prerequisite for exploiting specific adaptation
to stress environments in breeding programs. This paper presents an analysis of yield components for pearl millet, to explain the
specific adaptation of local landraces to stress environments in Rajasthan, India. Six genotypes, ranging from high-tillering
traditional landraces to low-tillering open-pollinated modern cultivars, were grown in 20 experiments, covering a range of non-
stress and drought stress patterns. In each experiment, yield components (panicle number, grain number, 100 grain mass) were
measured separately for main shoots, basal tillers, and nodal tillers. Under optimum conditions, landraces had a significantly
lower grain yield than the cultivars, but no significant differences were observed at yield levels around 1 ton ha™'. This
genotype x environment interaction for grain yield was due to a difference in yield strategy, where landraces aimed at
minimising the risk of a crop failure under stress conditions, and modern cultivars aimed at maximising yield potential under
optimum conditions. A key aspect of the adaptation of landraces was the small size of the main shoot panicle, as it minimised
(1) the loss of productive tillers during stem elongation; (2) the delay in anthesis if mid-season drought occurs; and (3) the
reduction in panicle productivity of the basal tillers under stress. In addition, a low investment in structural panicle weight,
relative to vegetative crop growth rate, promoted the production of nodal tillers, providing a mechanism to compensate for
reduced basal tiller productivity if stress occurred around anthesis. A low maximum 100 grain mass also ensured individual grain
mass was little affected by environmental conditions. The strategy of the high-tillering landraces carries a yield penalty under
optimum conditions, but is expected to minimise the risk of a crop failure, particularly if mid-season drought stress occurs. The
yield architecture of low-tillering varieties, by contrast, will be suited to end-of-season drought stress, provided anthesis is early.
Application of the above adaptation mechanisms into a breeding program could enable the identification of plant types that
match the prevalent stress patterns in the target environments.
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Cooper, 1998). In programs targeting general adapta-
tion, cross-over G x E interactions complicate selec-
tion of superior genotypes from multi-environment
trials (Basford and Cooper, 1998), because of the
difficulty of selecting test environments that ade-
quately represent the entire target population of envir-
onments (TPE) (Cooper and Chapman, 1996). This
becomes a greater problem as the frequency of con-
trasting environments in the TPE increases (Cooper
and Chapman, 1996). Such a situation is particularly
common in regions where the occurrence of stress is
unpredictable, because the effect of stress on growth
and yield depends on its timing (Craufurd and Pea-
cock, 1993; Mahalakshmi et al., 1987). Breeding
programs targeting specific adaptation can only
exploit G x E interactions effectively, if the physio-
logical causes of the interaction are well understood
(Basford and Cooper, 1998).

The above impediments of G x E interactions to the
efficiency of breeding programs are particularly valid
for pearl millet (Pennisetum americanum L.) in
Rajasthan, the major semi-arid/arid millet producing
area in India (FAO and ICRISAT, 1996). Timing and
intensity of stress occurrence in this region are highly
variable, both between locations and years (Sharma
and Pareek, 1993; van Oosterom et al., 1996). The
wide variety in pearl millet landraces that have
evolved in Rajasthan (Appa Rao et al., 1986; Saxena
et al., 1978) is testimony to this. The farmers’ choice
of cultivar depends heavily on the probability of
favourable growing conditions (Kollavalli, 1997). In
the arid areas of western Rajasthan, where drought
stress is likely to occur but its timing is highly
unpredictable (van Oosterom et al., 1996), farmers
predominantly grow high-tillering local landraces
(Kelley et al., 1996; van Oosterom et al., 1996). In
the wetter eastern parts, by contrast, the probability of
favourable growing conditions is much higher and
drought stress occurs predominantly past-anthesis
(van Oosterom et al., 1996). In these areas, farmers
prefer genotypes with fewer, larger panicles (van
Oosterom et al., 1996; Christinck, 2002) and predo-
minantly grow higher yielding F;-hybrids or advanced
generation hybrids (Kelley et al., 1996; vom Brocke
et al., 2002). These geographical differences reflect
the common perception among farmers that local
landraces are better adapted to harsh conditions, but
are unable to capitalise on the additional resources

available in good years (Kelley et al., 1996; Kollavalli,
1997; Christinck, 2002). Indeed, Bidinger et al. (1994)
and Yadav and Weltzien (2000) demonstrated that
germplasm accessions from western Rajasthan on
average yielded more grain than low-tillering control
cultivars in arid zone environments, but not in more
favourable environments. In addition, preferences for
plant types (fertile tiller number, panicle size) depend
on the importance of fodder for livestock (quantity and
quality), competition for human resources (labour for
hand-harvesting), and the need to manage multiple
objectives of a farm household (risk management), as
illustrated by Byerlee and Husain (1993) for farming
systems in Pakistan. A high degree of specificity of
adaptive traits to environmental stress patterns thus
exists.

The development of plant types that are adapted to
the prevalent stress patterns of the TPE, while simul-
taneously meeting farmers’ requirements for plant
types, is therefore a major thrust of breeding programs
targeting specific adaptation (Richards, 1989; Ceccar-
elli et al., 1991). However, the physiological knowl-
edge of specific genotype responses to environmental
stress is often lacking (Boote et al., 2001; Jackson
et al., 1996). This is certainly the case for the differ-
ence in adaptation pattern between traditional land-
races and modern cultivars in pearl millet. van
Oosterom et al. (2002) found no difference in radiation
use efficiency and biomass partitioning prior to
anthesis between contrasting plant types of pearl
millet, indicating that a difference in plant type per
sé does not explain the low grain yield of landraces
under high-input conditions. This is in accordance
with results of Craufurd and Bidinger (1988b) that
two hybrids with contrasting tillering habit had similar
grain yields under conditions without water or nutrient
stress. Similarly, Bidinger and Raju (2000) observed
across a range of N-treatments and plant densities that
plant type of pearl millet was not related to the G x E
interaction for grain yield, although contrasting plant
types had different ways to adjust yield components to
changes in assimilate availability. A better understand-
ing of the crop physiological causes of adaptation of
landraces to resource-poor conditions could increase
the efficiency of breeding programs targeting specific
adaptation.

The objective of this paper is to (1) analyse the
observed repeatable G X E interactions for grain yield
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between traditional landraces and modern cultivars,
grown in both favourable and stressed environments
and (2) to develop a physiological framework to
explain the relationship between plant type and adap-
tation to specific stress patterns.

2. Materials and methods
2.1. Genotypes

The experiments included six cultivars that were
selected for contrasting plant type (production of fertile
tillers) and comparable phenology. Three were entirely
based on landraces originating from Rajasthan (referred
to as landraces), whereas the other three were partly or
entirely based on exotic (to western Rajasthan) germ-
plasm (referred to as modern varieties).

The landraces included Nokha Local, ERajPop, and
WRajPop. Nokha Local is a pure landrace, collected
from a farmer’s field in western Rajasthan. It is a high-
tillering, dual-purpose open-pollinated population
with small seed size, variable seed set, indeterminate
growth and extremely high-tillering ability, but is
highly susceptible to downy mildew (Sclerospora
aminicola). ERajPop (Early Rajasthan Population)
and WRajPop (Western Rajasthan Population) are
breeding populations derived from a small number
of selected landrace accessions from Rajasthan (Yadav
and Weltzien, 1998): ERajPop has been selected for
early flowering, whereas WRajPop is based on popu-
lations collected from the dry western part of
Rajasthan (Yadav and Weltzien, 1998). Both popula-
tions have undergone several cycles of full-sib pro-
geny-based recurrent selection for grain yield. They
have a plant type comparable to Nokha Local (high-
tillering with small seed size), although panicle size is
generally larger, due to selection for seed set and grain
yield.

The modern varieties comprised of three open-
pollinated cultivars: RCB-IC 911, WC-C 75, and
CZ-IC 922. RCB-IC 911 is the product of three
generations of modified mass selection in the Bold
Seeded Early Composite, carried out in Jaipur,
Rajasthan (Yadav and Weltzien, 1998). It is entirely
based on Iniadi germplasm from Togo and Ghana,
which is characterised by thick stems, large leaves and
grain size, but low-tillering capacity (Andrews and

Anand Kumar, 1996) and thus represents a plant type
opposite to that of the landraces. WC-C 75 was
selected at Coimbatore (south India) from seven
full-sib progenies of the World Composite (Andrews
et al., 1985). It is based largely on early flowering
Nigerian landrace material and has a low-tillering,
large panicle plant type similar to RCB-IC 911. CZ-IC
922 was bred from 14 S;-progenies of EC-C6 (Early
Composite Cycle 6), selected at the Central Arid Zone
Research Institute (CAZRI) at Jodhpur (Rajasthan,
India). CZ-IC 922 is largely based on North Indian
material, although not only from Rajasthan. Its plant
type and tillering habit are intermediate between land-
race-based genotypes on the one hand and RCB-IC
911 and WC-C 75 on the other.

Although the six cultivars were selected for com-
parable phenology, ERajPop was generally the first
and WC-C 75 the last to reach anthesis. Across all
experiments, the average number of days from emer-
gence to the median anthesis date of the main shoot
was 45.3 for ERajPop, 53.6 for WC-C 75, and 48-49
for the other four cultivars.

2.2. Experimental details

The cultivars were grown in 20 experiments
(location x year X management combinations), con-
ducted at Patancheru (17°53N) in central India and at
Jodhpur (26°18'N), Mandore (26°18'N), Fatehpur-
Shekawati (27°17'N), and Pali (25°50'N) in Rajasthan,
northwest India (Table 1).

Most experiments were grown during the rainy
season. They were sown at the start of the rainy season
in June or July (Table 1) and were generally rainfed. At
Patancheru 1994, two additional experiments were
carried out in a rain-out shelter. One was protected
from rain soon after emergence until anthesis, whereas
the other was protected from anthesis onwards. In
addition, experiments were conducted during the dry
seasons of 1994 (two experiments) and 1995 (one
experiment) at Patancheru (Table 1). The two 1994
experiments were fully irrigated and included a nor-
mal and extended daylength, which mimicked day-
length encountered in Rajasthan during the rainy
season. In the 1995 dry season, drought stress was
imposed 4 weeks after emergence, and was only
temporarily relieved by irrigation and some rain
around anthesis. Irrigation (when used) was applied



Table 1

Date of sowing, rainfall before anthesis (period from 5 days before sowing until average date of anthesis of the main shoots) and after anthesis (20-day period), plus the mean biomass,
grain yield (total and nodal tillers), 100 grain mass, grain number, number of fertile basal tillers per plant, grain number per panicle, and plant density, averaged over six pearl millet
cultivars, grown in 20 experiments across India

Date of Rainfall Grain yield 100 grain Grain number Basal Grain Plant number
sowing - - B mass (g) (per square tiller (per number  (per square
Pre-anthesis  Post-anthesis Blorriazss Tota{2 Nodaﬁl2 metre) plant) (per pan)® metre)
(mm) (mm) (gm™)  (gm™) (gm™)

Patancheru no stress (17°53’N)

1994 dry season 25 January 1994 121.2° 154.0° 908 364 42 0.78 46474 3.07 1822 6.7

1994 dry season ext. daylength 25 January 1994 171.2° 160.8° 1135 350 46 0.79 44089 2.00 2162 7.1

1994 rainy season 15 June 1994 281.3¢ 100.5 1025 426 62 0.84 51403 2.80 2029 7.0

1995 rainy season 20 June 1995 385.6 175.2 1026 414 36 0.90 45838 2.53 2145 6.2
Patancheru drought stress (17°53'N)

1994 rainy season early stress 22 June 1994 98.1° 169.7 538 241 19 0.78 30413 1.77 1148 10.1

1994 rainy season late stress 22 June 1994 164.6° 0.0 495 214 8 0.75 28659 0.97 1520 10.1

1995 dry season 26 January 1995 192.0° 94.4° 461 181 13 0.67 27028 1.63 1310 8.3
Jodhpur, Rajasthan (26°18'N)

1994 rainy season 03 July 1994 415.6 107.7 855 221 2 0.77 29642 1.34 2553 53

1995 rainy season 21 July 1995 309.9¢ 0.0 409 147 2 0.70 20866 0.71 1774 7.3

1996 rainy season 01 July 1996 409.5 14.3 519 170 3 0.68 24752 0.22 2113 9.7

1997 rainy season low fertility 27 July 1997 284.9° 13.9° 358 76 3 0.78 9713 0.72 948 6.5

1998 rainy season 2 August 1998 1454 26.4 434 166 6 0.74 22574 1.23 1684 6.8
Mandore, Rajasthan (26°18'N)

1998 rainy season 3 July 1998 98.4 83.2 356 70 2 0.48 14501 0.84 1199 6.8
Fatehpur, Rajasthan (27°17'N)

1994 rainy season 14 July 1994 323.1 39.3 496 157 8 0.82 19184 1.10 1909 49

1995 rainy season 20 July 1995 278.4 0.0 506 182 5 0.65 27098 1.69 2122 5.0

1995 rainy season low fertility 20 July 1995 278.4° 0.0° 331 119 5 0.78 15520 1.09 1807 4.4

1996 rainy season 29 June 1996 197.1 65.2 756 220 12 0.89 25286 0.90 2460 5.7

1996 rainy season 27 June 1996 217.0 86.8 1008 264 14 0.87 31085 1.62 2176 5.7
Pali, Rajasthan (25°50'N)

1996 rainy season 10 July 1996 517.3° 12.0° 420 160 7 0.86 18939 0.53 2004 6.4

1997 rainy season 21 July 1997 N/Af N/AT 575 154 5 0.71 21336 1.23 1170 8.5

# Calculated as total grain number (including nodal tillers), divided by the number of plants and productive basal tillers.

" Predominantly irrigation. Amount of water applied estimated from duration of irrigation, assuming a rate of 17.5 mmh~' for sprinkler irrigation and 50 mmh~' for furrow
irrigation.

¢ Includes 8 mm irrigation around anthesis.

9 Includes 10 mm of irrigation, applied 1 week before emergence.

¢ Date of flowering was not observed, and was estimated from other experiments.

fN/A = not available.
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by overhead sprinklers during the first weeks after
sowing, and by furrow irrigation thereafter. For all
experiments (except Pali 1997) daily weather records
on temperature and rainfall were available. Pre-
anthesis (from 5 days prior to sowing until anthesis)
rainfall (including irrigation) ranged from <100 to
>400 mm, whereas post-anthesis rainfall (first 20 days
after anthesis) ranged from O to 175 mm (Table 1).

At Patancheru, experiments were sown on an alfisol
(clayey-skeletal mixed isohyperthermic Udic Rhodus-
talf) on ridges 60-75 cm apart; the only exceptions
were the two experiments in the rain-out shelter, where,
due to limited space, row-spacing was 50 cm, and no
ridges were used. Experiments generally received a pre-
sowing basal application of 150 kg ha~' di-ammonium
phosphate (28:28:0 NPK) and a top dressing of
100 kg ha™" urea at the start of rapid canopy growth.
In Rajasthan, experiments were sown on predominantly
sandy soils (Psamment) at a row spacing of 60-65 cm,
without ridges. Most experiments in Rajasthan received
a pre-sowing basal application of 100 kg ha~' mono-
ammonium phosphate (18:46:0 NPK) and a topdressing
of 50 kg ha™' urea, providing a total of 41 kg N ha™".
Actual fertiliser applications, however, varied with
moisture conditions and nitrogen applications ranged
from 26 to 62 kg ha~'. In two experiments, however,
fertility was kept at a low level (Table 1): at Fatehpur
1995, only a topdressing of urea (15 kg N hafl) was
applied, whereas the experiment at Jodhpur 1997 was
sown in a low-fertility field and did not receive any
additional fertiliser. All crops were sown at a high seed
rate, and thinned back to the desired plant density
around 10-14 days after emergence (DAE). Because
of the differences in row spacing, plant density ranged
from approximately 5—10 plants m 2. The plot size was
two (Patancheru) or four (Rajasthan) rows of 4 m
length, the difference reflecting the higher probability
of poor plant establishment in Rajasthan. All experi-
ments were laid out as a randomized complete block
design with three replications, although in a few cases
only two replications could be harvested.

Prior to sowing, seeds at Patancheru were treated
with metalaxyl (Ridomil) against downy mildew. No
such treatment was done at Rajasthan, because of the
generally low disease pressure. Weeds were controlled
manually, and no significant outbreak of any pest or
disease occurred in any of the experiments. At Patan-
cheru, plants were supported by ropes during grain

filling to avoid negative effects of lodging on grain
yield formation.

2.3. Observations and data analyses

2.3.1. Tiller appearance, final leaf number, and
anthesis date for individual axes

Observations on the time of tiller appearance and
final leaf number per axis were done in the rainy
season of 1995 at Patancheru and Fatehpur. Five plants
per plot were labelled soon after thinning, and the date
of appearance of each primary basal tiller was esti-
mated through regular (three times a week) inspec-
tions of the plants. For the main shoot, the date of crop
emergence was used as the appearance date. For each
productive axis the date of anthesis (stigma’s visible
from 50% of the florets) and the final number of leaves
were recorded.

For each cultivar, the maximum number of primary
basal tillers that appeared per plant and the fraction
that produced a panicle were calculated, to determine
if genotypic and environmental differences in tillering
were associated with differences in tiller appearance
or in tiller survival. The anthesis dates were used to
analyse the phenology of the nodal tillers in relation to
that of the main shoot and basal tillers, to assess their
importance as a stress escape mechanism. The timing
of anthesis was expresses in degree days (°C d) from
emergence, using 10, 33, and 47 °C as the minimum,
optimum, and maximum temperature, respectively
(Garcia-Huidobro et al., 1982; Ong, 1983a,b; Mohamed
et al., 1988).

2.3.2. Yield components

In all but four of the experiments, the anthesis date
of individual panicles was estimated from observa-
tions three times per week and recorded on colour-
coded tags (to distinguish main shoots, basal tillers,
and nodal tillers) that were tied around the peduncle.
Due to the high number of nodal tillers produced
under optimum conditions at Patancheru, nodal til-
lers were not tagged in some of the experiments at
this location.

At maturity, panicles were hand-harvested and
panicles were grouped by type (main shoot, basal
tillers, and nodal tillers) and anthesis date. For experi-
ments where individual panicles were not tagged at
anthesis, panicles were grouped by type only. In
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general, the entire plot was harvested, except for areas
with poor plant stand and parts of rows that were not
properly bordered. The number of panicles per sample
was counted and samples were then oven-dried for at
least 2 days at 80 °C. After obtaining panicle dry
weight, panicles were threshed and grain yield deter-
mined. Individual grain mass was determined from
three counts of 100 grains, or from all grains if the
sample contained <300 grains. Grain number was
derived from grain yield and grain mass.

After all panicles were harvested, a stover sample
was taken from each plot. Fresh weight was measured,
and a subsample was taken to obtain the dry matter
percentage. Total biomass was calculated as the sum
of stover weight and panicle weight.

The vegetative crop growth rate (CGR) of each
genotype in each experiment was calculated from
biomass and grain yield at maturity and anthesis date
(Bramel-Cox et al., 1984):

biomassy, — grain yield,

CGR

- days from emergence to anthesis + 10
(D

To evaluate genotypic differences in relative sink size
at anthesis, panicle weight (excluding grain) at matur-
ity was used to represent panicle sink strength at
anthesis. Observations on sorghum (Sorghum bicolor
L.) (van Oosterom, unpublished data) show that this
structural panicle weight (hereafter referred to as
chaff) is relatively constant once grain growth starts.
The ratio between grain number and chaff weight was
used as a measure of efficiency of grain number
production per unit of mass invested in panicle struc-
ture (hereafter referred to as seed set). This ratio was
constant for wheat (Triticum aestivum L.) cultivars
across environments (Demotes-Mainard et al., 1996)
and hence provides a simple but effective measure of
seed set.

All analyses were performed in SAS. The GLM-
procedure was used for analyses of variance, using
Type I sum of squares (SS) to partition the genotype
SS into plant type (three high-tillering versus three
low-tillering genotypes) and genotype within plant
type SS. Variance components were estimated from
the ANOVA using the REML option in the VAR-
COMP procedure, assuming all factors to be random.
The TTEST procedure was used for pair wise com-
parisons between the means of the two genotype

groups to determine significance of differences
between group means across experiments.

3. Results

3.1. Effects of genotype, environment, and their
interactions on yield and yield components

Mean biomass ranged from 331 g m 2 (Fatehpur
1995, low fertility) to 1135 g m~? (Patancheru in 1994
extended daylength) (Table 1). Genotypic differences
in average biomass were small in most of the envir-
onments (Table 2). Nokha Local generally produced
the least biomass, which appeared to be a consequence
of its low grain yield (Table 2). The significant differ-
ences in biomass among the other genotypes under
optimum conditions at Patancheru were associated
with differences in phenology, with WC-C 75 (highest
biomass) having the longest time to anthesis and
ERajPop (lowest biomass) the shortest. Environments
explained most of the SS, while the genotype SS was
small compared with the G x E SS (data not shown).
The environmental variance (s2) was >60 times larger
than the genotypic variance (sZ) and nearly 20 times
the G x E variance (s, ). The effect of grouping
genotypes (into landraces and modern cultivars) on the
SS of biomass was just significant. However, the
genotype groups explained 35% of the G x E SS (data
not shown).

Mean grain yield ranged from 70 g m~2 at Man-
dore in 1998 to 426 g m 2 at Patancheru in 1994
(Table 1). Under optimum conditions at Patancheru,
the high-tillering landraces had significantly lower
grain yield than the low-tillering modern cultivars,
but in most other environments, differences in
grain yield were small, particularly in Rajasthan
(Table 2). The s3 was about 10 times s%, g, and
5&«g in turn was 1.75 times sg. The genotype group-
ing explained 71% of the genotype main effect SS
and 60% of the G x E interaction SS for grain yield.
As genotypic differences in total biomass were
relatively small, differences in mean grain yield
between the two groups of plant types were predo-
minantly due to differences in the partitioning of dry
matter to the grain.

These differences in partitioning were a result of
genotypic differences in 100 grain mass, rather than
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Table 2

Biomass, grain yield, 100 grain mass, grain number, number of fertile basal tillers per plant, grain number per panicle, and dry weight per main
shoot panicle for six pearl millet genotypes, averaged over four groups of experiments®

Biomass Grain yield 100 grain Grain number Basal tillers Grain number ~ Main shoot
(gm™3) (gm?) mass (g) (per plant) (per pan) weight (g pan~ 1)
Patancheru no stress (four experiments)
ERajPop 918 ¢ 345 b 0.75d 45800 be 339a 1608 d 17.0d
Nokha Local 961 be 275 ¢ 0.68 ¢ 40732 d 249 b 1731d 15.4d
WRajPop 1047 ab 359 b 0.77 cd 46657 be 357 a 1598 d 17.5d
RCB-IC 911 1041 ab 475 a 1.08 a 43878 cd 1.64 ¢ 2456 b 38.1a
CZ-IC 922 1062 ab 438 a 0.80 ¢ 54888 a 2.69 b 2167 ¢ 273 ¢
WC-C 75 1114 a 440 a 0.88 b 49751 b 1.82 ¢ 2677 a 336D
Patancheru drought stress (three experiments)
ERajPop 467 ab 193 be 0.70 ¢ 27344 ab 2.08 a 982 ¢ 11.0 ¢
Nokha Local 426 b 150 ¢ 0.62 d 24026 b 1.69 a 1019 ¢ 104 c
WRajPop 543 a 224 ab 0.69 cd 32380 a 1.97 ab 1101 ¢ 127 ¢
RCB-IC 911 522 ab 247 a 0.86 a 28025 ab 0.78 ¢ 1662 a 236 a
CZ-1C 922 524 ab 240 ab 0.74 be 32281 a 1.42b 1459 b 18.1b
WC-C 75 508 ab 221 ab 0.78 b 28143 ab 0.79 ¢ 1734 a 216 a
Rajasthan, mean biomass >450 g m~2 (seven experiments)
ERajPop 641 ab 193 a 0.73 ¢ 26468 a 1.48 a 1746 ¢ 20.0 d
Nokha Local 674 ab 177 a 0.65d 27191 a 1.71 a 1793 ¢ 169 e
WRajPop 726 a 200 a 073 ¢ 27359 a 1.76 a 1694 ¢ 19.1 de
RCB-IC 911 604 b 206 a 0.98 a 21291 b 043 ¢ 2452 a 352 a
CZ-1C 922 645 ab 205 a 0.79 b 25772 a 093 b 2264 b 278 ¢
WC-C 75 726 a 196 a 0.77 be 24815 ab 0.56 ¢ 2616 a 30.8 b
Rajasthan, mean biomass <450 g m 2 (six experiments)
ERajPop 372 a 124 a 0.69 b 17884 a 1.17 a 1369 cd 142d
Nokha Local 357 a 113 a 0.62 ¢ 18010 a 1.38 a 1271 d 114 e
WRajPop 410 a 121 a 0.69 b 17550 a 131 a 1196 d 13.3 de
RCB-IC 911 392 a 133 a 0.88 a 14997 a 032 ¢ 1892 b 26.1 a
CZ-IC 922 368 a 124 a 0.73 b 17205 a 0.67 b 1567 ¢ 18.1¢
WC-C 75 408 a 125 a 0.72 b 16928 a 029 ¢ 2140 a 23.0b

# Values followed by the same letter are not significantly different at P < 0.05 according to Tukey’s test for pair wise comparisons.

grain number. For 100 grain mass, s3 was larger

than s% and the importance of the genotype main
effect was illustrated by the fact that genotype
grouping explained over 50% of the SS for the
genotype main effect. For grain number, however,
sg, was small compared with sz. Although genotypic
differences in grain number were significant
(Table 2), they were not associated with plant type,
as the genotype grouping explained <0.5% of the
SS for the genotype main effect. The relative mag-
nitude of the G X E interaction also differed for

grain mass and grain number. For grain mass, s3

was three times s, but for grain number s% was
smaller than sszE. Consistent with this, the genotype

grouping explained >50% of the G x E SS for 100

grain mass, but only 37% of the G x E SS for grain
number.

The yield architecture (panicle number and size)
differed between the two groups of plant types. For
both fertile basal tiller number per plant and grain
number per fertile axis, over 85% of the cultivar
differences was explained by their grouping, with
the landraces having higher tiller number and the
cultivars higher grain numbers per panicle. In addi-
tion, the small size of s%, ; compared with s for these
two parameters indicated that these differences were
consistent across environments. In fact, the weight of
the main shoot panicle was a good parameter to
distinguish the plant types, as the grouping explained
86% of its genotype SS and 63% of its G x E SS.
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The number of plants observed, number of leaves per main shoot, number of primary basal tillers per plant that emerged and produced seed,
and the percentage of emerged tillers that produced seeds, for three landraces and three modern varieties of pearl millet, grown in the rainy

season of 1995 at Patancheru and Fatehpur

High-tillering landraces

Low-tillering exotic varieties

ERajPop Nokha Local WRajPop RCB-IC 911 CZ-1C 922 WC-C 75
Number of plants Patancheru 19 18 20 18 20 19
Fatehpur 29 25 28 30 28 29
Leaf number main shoot Patancheru 15.9 16.5 16.3 16.9 15.9 18.3
Fatehpur 17.2 17.9 18.0 18.1 17.3 20.0
Produced tillers per plant Patancheru 5.68 5.72 6.35 5.44 5.90 5.00
Fatehpur 5.21 6.20 6.79 6.03 6.29 5.55
Fertile tillers per plant Patancheru 3.26 3.06 3.00 1.61 2.75 1.89
Fatehpur 2.03 3.28 3.04 0.77 2.04 0.83
Survival % Patancheru 57 53 47 30 47 38
Fatehpur 39 53 45 13 32 15

3.2. Tiller appearance and panicle number

3.2.1. Basal tillers

Tiller appearance started around 150 °C d after
emergence at Patancheru 1995 (data not shown).
Genotypic differences in the rate and duration of tiller
appearance were small: the maximum number of basal
tillers that appeared per plant ranged from 5.0 for WC-
C 75 to 6.4 for WRajPop and was on average 5.9 for
the landraces and 5.4 for the modern -cultivars
(Table 3). The absence of major genotypic differences
in tiller appearance was confirmed by the results from
Fatehpur 1995, where the landraces on average pro-
duced 6.1 basal tillers per plant and the modern
varieties 6.0. The higher tiller number at Fatehpur
was consistent with a higher leaf number on the main
shoot (Table 3), indicating a longer vegetative period
due to the higher latitude.

The number of fertile tillers per plant, by contrast,
differed consistently between both genotypes and
locations, due to differences in the tiller survival rate.
For landraces, about half the basal tillers that
appeared at each location ultimately produced a
panicle; the only exception was ERajPop at Fatehpur
1995, which had a survival rate of only 39% (Table 3).
RCB-IC 911 and WC-C 75, by contrast, had a tiller
survival rate between 30 and 40% at Patancheru 1995,
but of only 13—-15% at Fatehpur 1995. These results
indicate that the effects of cultivar, environment, and

their interaction on fertile basal tiller number per
plant are predominantly due to an effect on tiller
survival.

The number of fertile basal tillers per plant was
negatively correlated with the dry weight per main
shoot panicle at maturity, if experiments with similar
overall grain yields were compared (Fig. 1). This
negative correlation was significant across groups of
environments in which grain yield ranged from 70-
76 gm ™2 (Fig. la), 148-166 g m > (Fig. 1b), 182-
264 ¢ m~~ (Fig. lc), to 350-426 g m~ > (Fig. 1d). The
slope of the regression of basal tiller number on main
shoot panicle weight was similar across a wide range
of yield levels, with on average one additional fertile
basal tiller produced for each 12-14 g decrease in
main shoot panicle weight (Fig. 1b—d).

At Patancheru 1995, anthesis on the basal tillers
commenced at the same time as on the main shoot, but
extended for a longer period on the basal tillers
(Fig. 2). The higher number of basal tillers in WRaj-
Pop, compared with RCB-IC 911, did not result in a
significant increase in the overall spread of flowering
dates among basal tillers. A detailed analysis of
anthesis dates in two rainy season experiments at
Patancheru and seven experiments at Fatehpur and
Jodhpur showed that on average, basal tillers reached
anthesis 2—4 days later than the main shoot, whereas
differences between main shoot and basal tillers in the
standard deviation for anthesis were minor under
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Fig. 1. Number of primary basal tillers per plant as a function of the panicle weight per main shoot for ERajPop (), Nokha Local (@), WRajPop (@), RCB-IC 911(O), CZ-IC
922 (&), and WC-C 75 ([1) across four levels of grain yield: (a) 70-76 g m~2 (Mandore 98, Jodhpur 97); (b) 148-166 g m~> (Jodhpur 1995 + 1998, Pali 1996 + 1997, Fatehpur
94), 182-264 g m~> (Fatehpur 1995 + 1996 (two experiments), Jodhpur 94), and 350-426 g m~> (Patancheru dry season 94 (two experiments), Patancheru rainy season
1994 + 1995). The two off-points for Nokha Local in Fig. 2d not included in the regression line.
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Fig. 2. The number of panicles per square metre reaching anthesis at a certain number of DAE at Patancheru rainy season 1995 for (a) RCB-
IC 911 and (b)WRajPop for main shoot (O—Q), basal tillers (¢ ...4) and nodal tillers (C]—[1]). Panicle numbers are pooled for 3-day
intervals. Nodal tiller numbers at 80 DAE represent panicles for which the anthesis date was not known.

optimum conditions at Patancheru in the rainy season
and absent in Rajasthan.

3.2.2. Nodal tillers

At Patancheru 1995, nodal tillers on the main shoot
started to emergence around 120 °C d (1 week) prior
to anthesis of the main shoot panicle (Table 4),
approximately coinciding with the appearance of
the flag leaf (data not shown). Nodal tillers generally
appeared acropetally, beginning in the fourth or fifth
leaf axil below the flag leaf, with the uppermost nodal
tillers appearing from the penultimate leaf axil, just

after anthesis of the main shoot panicle (Table 4). They
generally reached anthesis 250-300 °C d (nearly 3
weeks) after anthesis of the main shoot panicle
(Table 4), coinciding with mid-grain filling (van Oos-
terom et al., 2002). Most of the period between
emergence and anthesis of nodal tillers thus coincides
with the period between the end of leaf growth and the
start of grain filling of the main shoot, when the chaff
of the panicle and the upper internodes of the stem are
the main sinks for carbon.

To test the hypothesis that nodal tiller appearance is
a consequence of assimilate surplus around anthesis,
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Table 4

Appearance and anthesis of nodal tillers on the main shoot (expressed in °C d, relative to the anthesis date of the main shoot panicle) and the
duration of appearance to anthesis, averaged for nodal tillers appearing at a common leaf position, counted from the flag leaf (Flag
Leaf = Leaf 0) for plants grown in the rainy season of 1995 at Patancheru®

Leaf number Appearance Anthesis Duration

Mean Standard deviation N Mean  Standard deviation N Mean  Standard deviation N
1 30.3 64.7 32 2844 927 32 245.6 487 16
2 —-32.9 59.6 50 264.0 83.5 36 289.2  56.7 28
3 —63.2 52.2 46 282.5  83.1 23 349.2 737 22
4 —63.0 69.8 35 303.8 89.3 5 4173  86.9 5
5 -73.0 66.2 18 1989 - 1 3325 - 1
6 —101.0 54.6 8 313.6 - 1 4472 - 1
7 —122.1 63.2 3

# Number of observations and standard deviation are also given.

due to limited demand by the growing stem and
panicle, we calculated the ratio between the chaff
weight at maturity (of the main shoot and basal tillers)
and the vegetative CGR (see Section 2). A low ratio
indicates a relatively low demand for assimilates by
the growing panicle during the period that nodal tillers
appear, which would indicate that more assimilates are
available to sustain the production of nodal tillers.
Using mean values for the two cultivar groups, the
ratio was on average 20% lower for landraces than for
the modern cultivars, what was significant (P < 0.001)

according to a t-test for paired comparisons across
individual experiments. Hence, the prolific nodal tiller
production by the landraces is associated with a rela-
tively small investment in panicle growth.

Across experiments conducted at Patancheru, there
was a significant negative relationship between pro-
ductive nodal tiller number and the ratio between
chaff weight and vegetative growth rate (Fig. 3;
R?2=047,n=14, P <0.01). The relatively low R?
was due to the rainy season experiment of 1995, when
nodal tiller numbers were low; exclusion of that

Nodal tillers per m?

5 - P

o
0 — @ En

y = -3.40x + 53.2
R? = 0.47

0 5

10 15 20

Ratio between chaff weight and crop growth rate

Fig. 3. The number of productive nodal tillers per square metre as a function of the ratio between chaff weight (of the main shoots and basal
tillers) at maturity and vegetative growth rate at Patancheru (closed symbols) and in Rajasthan (open symbols), averaged for three landraces
(circles) and three varieties (squares). The regression line is for the Patancheru data only (seven experiments).
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Fig. 4. Grain number per panicle as a function of chaff weight per panicle at maturity for (a) main shoots and (b) basal tillers at Patancheru
(closed symbols) and in Rajasthan (open symbols), averaged for three landraces (circles) and three varieties (squares).

experiment increased the R* to 0.70. In Rajasthan,
however, the relationship was weak, as several experi-
ments produced few nodal tillers, despite a low ratio
between chaff weight and vegetative growth rate.
Presumably, in these experiments productive nodal
tiller number was reduced by other factors, like
drought stress during grain filling (Table 1). Impor-
tantly, the triangular configuration of the data points
in Fig. 3 indicates an upper limit to nodal tiller
production as a function of relative assimilate require-
ment by the panicle (chaff) under non-limiting growing

conditions. Such an upper limit supports the hypothesis
that nodal tiller production is a consequence of assim-
ilate surplus.

3.3. Grain number per panicle

3.3.1. Relationship between grain number in main
shoot and basal tillers

At Patancheru, grain number per panicle was clo-
sely related to the chaff weight per panicle (Fig. 4).
The relationship was not affected by axis type (main
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Fig. 5. Grain number per basal tiller as a function of grain number per main shoot in (a) experiments without drought stress and (b)
experiments with drought stress for ERajPop (), Nokha Local (@), WRajPop (@), RCB-IC 911(QO), CZ-IC 922 (<), and WC-C 75 ([0).
Experiments in (a) include Patancheru dry season 1994 (two experiments) and rainy season 1994 + 1995, Jodhpur 1994, and Fatehpur 1996
(two experiments). The regression line for non-drought experiments has been added to (b) for comparison.

shoot versus basal tiller) or cultivar, although grain
number levelled off for larger panicles. Similar results
were obtained for the experiments conducted at
Rajasthan, with the exception of three experiments
(Jodhpur 1997, Mandore 1998, Pali 1997), where
grain numbers were low relative to chaff weight.
Two of these experiments experienced severe stress
during grain filling (nutrient stress at Jodhpur 1997,
drought stress at Mandore 1998, Table 1). Exclusion of
these three experiments yielded a strong relationship
(Edmeades and Daynard, 1979) between grain number

and chaff weight per panicle, which was independent
of cultivar, axis, or experiment:

6026(chaff_wt — 0.485)
9.11 + (chaff_wt — 0.485)’ (2)
R*=0.77, n =204

grain_nr =

In environments without drought stress, grain number
per basal tiller was closely related to grain number per
main shoot (Fig. 5a). As the intercept of the regression
was not significantly different from zero, the regres-
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sion was forced through the origin. On average, basal
tillers contained approximately 80% of the grain
number in the main shoot. According to Eq. (2), this
lower grain number in the basal tillers was a conse-
quence of a lower chaff weight.

Under drought, grain number in basal tillers varied
from 94% of the grain number in the main shoot
(averaged over all genotypes) under low-fertility at
Fatehpur 1995, to 47% at Pali 1997 (Fig. 5b). In some
experiments, the modern cultivars with large main
shoot panicles (RCB-IC 911 and WC-C 75) even
failed to produce any productive basal tillers at all.
Across 10 drought-stressed experiments where all
genotypes produced productive basal tillers, the aver-
age grain number per basal tiller was 79% of that of
the main shoot for the landraces, but only 68% for the
modern cultivars. This difference was significant at
P < 0.05 according to a r-test for paired comparisons
across experiments. Hence, under stress the landraces
are better able to maintain the size of the basal tiller
panicles (relative to the main shoot) than the modern
cultivars.

3.3.2. Consequences for flowering under stress
Panicle size had a consistent effect on the ability of
the crop to reach anthesis under pre-anthesis drought
stress. In the two experiments that were conducted
simultaneously in the rain-out shelter at Patancheru
1994, the delay in anthesis following pre-anthesis
drought stress was strongly linearly related
(R? =0.94, n = 6) to sink size, represented by the
number of grains per main shoot panicle (Fig. 6a). A
similar effect of panicle size on the ability to reach
anthesis under pre-anthesis drought was obtained for
the experiments at Jodhpur and Mandore in 1998. At
Jodhpur, only 39 mm of rain fell during the 10 days
prior to anthesis of the earliest genotype, with an
additional 14 mm during the 2 weeks that separated
anthesis of the earliest and latest genotype; at Man-
dore, only 11 mm of rain was received during the 3
weeks preceding anthesis of the earliest genotype.
Under these severely drought-stressed conditions,
the landraces reached anthesis on average 9.1 days
(Jodhpur 1998) and 14.6 days (Mandore 1998) earlier
than the modern cultivars. By contrast, in seven other
experiments in Rajasthan, where pre-anthesis drought
stress was less severe, the difference in mean anthesis
date between the two groups never exceeded 4 days,

and on average was only 2.4 days. Thus, differences in
anthesis between the two groups were small, except
following severe pre-anthesis drought stress, when
anthesis was more delayed in genotypes with larger
panicles.

In the dry season of Patancheru 1995, where
drought stress was temporarily relieved around
anthesis, there was a bimodal distribution in the
anthesis date of the basal tillers (Fig. 6b). The first
cohort of basal tillers reached anthesis around 40-44
DAE, during a dry spell. The number of panicles
reaching anthesis then declined as drought rapidly
increased due to high levels of incoming radiation.
Anthesis had virtually stopped when drought was
relieved by irrigation on 52 DAE, but resumed once
plants had a chance to recover. The ability to produce
fertile panicles after drought stress was relieved
was strongly related to phenology, rather than pani-
cle size: the fraction of the total number of fertile
basal tillers that reached anthesis during the second
cohort was a linear function of the anthesis date of
the main shoot (Fig. 6¢). As the average anthesis date
of the two cohorts of basal tillers differed by 24 days,
small differences in phenology of the main shoot
resulted in large differences in phenology of the
basal tillers.

3.4. Grain mass

The significant G x E interaction for 100 grain
mass (Table 2) was due to genotypic differences in
the response of grain mass to environment. For Nokha
Local, 100 grain mass was largely independent of
grain yield per plant (Fig. 7) and 100 grain mass
ranged from 0.55 to 0.71 g, except in Mandore,
1998 (0.44 g). For RCB-IC 911, by contrast, 100 grain
mass ranged from 1.0 to 1.2 g under high-yielding
conditions to 0.54 g in Mandore 1998.

Within crops, there was a close relationship
between the grain mass of the main shoot and basal
tiller panicles, particularly in environments without
drought stress (Fig. 8). The intercept of the relation-
ship with the y-axis was significantly positive
(P < 0.001). Combined with a slope which was sig-
nificantly less than 1, the results indicate that the
difference in grain mass between the main shoot
and basal tillers was relatively bigger for large-seeded
than small-seeded cultivars.
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4. Discussion

The results of this paper support the hypothesis that
differences in yield architecture between the high-
tillering landraces and low-tillering modern cultivars
represent a difference in adaptation strategy. The yield
architecture of the landraces is aimed at survival in the
arid zone through minimising the risk of a crop failure,

whereas the yield architecture of the modern cultivars is
aimed at survival in breeding fields by maximising yield
potential. The small size of the main shoot is a key
component of the adaptation strategy of the landraces,
while features like low investment in structural panicle
weight and low maximum grain size provide additional
adaptation mechanisms. The adaptation framework that
is developed in this paper can be a useful tool to assist
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farmers and breeders in the identification of (mixtures
of) plant types that maximise adaptation and yield
stability in variable stress environments.

4.1. Differences in main shoot size as key to
differences in yield architecture

The significant negative correlation between dry
weight per main shoot panicle and the number of
fertile basal tillers in Fig. 1 is not causal, but rather
reflects that both panicle dry weight and tiller number
are determined by the size and growth rate of the main
shoot prior to anthesis. Our results on the appearance
of primary basal tillers confirm previous results (van
Oosterom et al., 2001a) that, despite consistent geno-
typic differences in the number of fertile tillers at
maturity (Table 3), there is little difference in the rate
and duration of basal tiller production. Hence, differ-
ences in productive tiller number are not due to
genotypic differences in tilllering ability, but rather
to differences in growing conditions, experienced by
the tillers during stem elongation. Lafarge and Ham-
mer (2002) observed for sorghum that tiller appear-
ance ceased when crop LAI was approximately 0.6,
whereas the rate of loss of potentially fertile tillers was
related to the ratio of realised to potential leaf area.
Similarly, van Oosterom et al. (2001a) reported for
pearl millet a significant positive association between
the rate of decline in viable tiller number during stem
elongation and the maximum LAI of the main shoot.
Thus, both genetic and environmental factors affect
tiller survival. Such a causal relationship between LAI
and tiller survival accounts for the observation in our
experiments that the cultivar with few productive
tillers (RCB-IC 911) has large leaves (van Oosterom
et al., 2001b). Similar results have been reported for
tall fescue (Festuca arundinacea Schreb.) (Jones et al.,
1979) and rice (Oryza sativa L.) (Tivet et al., 2001).
This relationship would also explain the low number
of productive tillers in Rajasthan (Table 1), where the
longer daylength (compared with Patancheru) delayed
floral initiation and increased final leaf number on the
main shoot (Table 3), resulting in a higher main shoot
LAI (van Oosterom et al., 2001b) and hence a higher
rate of loss of tillers (van Oosterom et al., 2001a). In
addition, Craufurd and Bidinger (1988a) reported a
significantly positive linear relationship between max-
imum leaf area per axis and the growth rate of its stem

or panicle. As the duration of panicle growth is
relatively constant across daylengths (Craufurd and
Bidinger, 1988a), a larger maximum leaf area per axis
will result in larger panicles. Genotypic and environ-
mental differences in productive tiller number and in
panicle size are thus both associated with differences
in main shoot LAI, resulting in a significant, but non-
causal, relationship between the two.

If differences in fertile tiller number are related to
differences in the size of the main shoot leaves (and
hence the size of the main shoot in general), then
genotypic differences in plant type are already estab-
lished early in the life cycle of the crop by genetic
factors that determine leaf size. Differences in leaf size
can be accounted for by differences in the duration and
rate of leaf elongation. Genotypic differences in the
leaf expansion rate (LER) have been reported for tall
fescue (Volenec and Nelson, 1981, 1983). In our study,
RCB-IC 911 (low-tillering) has larger leaves than
WRajPop (high-tillering) (van Oosterom et al.,
2001b). As there are no significant differences in
the appearance rates of either leaf tips or leaf ligules
between these two cultivars (van Oosterom et al.,
2001a), it is likely that these differences in leaf size
are a result of differences in LER, which in turn can be
a consequence of differences in the size of the apical
dome. It has been hypothesised (Pieters and van den
Noort, 1988) that the mature size of an individual leaf
is determined at its initiation. As the first leaf initials
are already present in the embryo in the seed, the
larger leaf size may thus already be established in the
seed. Lopez-Castafieda et al. (1996) indeed showed
that embryo weight explained 92% of the variation in
early leaf area between four temperate cereals,
whereas within species, embryo weight was signifi-
cantly and linearly correlated to seed weight. A rela-
tionship between early vigour and seed size has also
been observed for pearl millet (Manga and Yadav,
1995). In tall fescue, cultivars with a high LER tend to
have a high yield per axis and low tiller number (Jones
et al., 1979; Volenec and Nelson, 1981; Skinner and
Nelson, 1994). These observations are consistent with
the negative correlation between size of the main shoot
and tiller number that we observed (Fig. 1). Similar
results were obtained by Craufurd and Bidinger
(1988a) for pearl millet and by Kirby and Riggs
(1978) for the contrast between two-row and six-
row barley. This supports the view that a low number
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of productive tillers in cultivars with a large main
shoot is a consequence of restricted assimilate avail-
ability to the tillers, due to increased competition from
the main shoot.

4.2. G x E interactions for grain yield

The significant interaction for grain yield between
genotypes and environments was due to the relatively
low grain yield of landraces under optimum conditions
at Patancheru (Table 2). These differences were not
caused by differences in grain number per square
metre, but rather by the inability of the landraces to
capitalise on the increased resource availability under
high-yielding conditions through increasing indivi-
dual grain mass (Fig. 7). Bidinger and Raju (2000)
also observed limits to the increase in grain size of
high-tillering genotypes that are not operating in low-
tillering ones. As there was no lack of available
assimilates in the high-tillering genotypes in our study,
as judged from the abundance of nodal tillers, this
restriction appears to be genetic and is likely to operate
through a low maximum grain growth rate. Previous
results (van Oosterom et al., 2002) indicated grain
growth rates were nearly 30% higher for the low-
tillering cultivars than the high-tillering ones, while
the duration of grain filling was very similar. Geno-
typic differences in the grain growth rate of pearl
millet have also been observed by Fussell and Pearson
(1978) and accounted for most of the variation in grain
mass in an analysis of grain growth in pearl millet by
Bieler et al. (1993). The low grain yield of the land-
races under optimum conditions at Patancheru thus
appears to be due to genetic constraints on maximum
grain growth rate, which prevent a complete use of
available assimilates by the grains.

Genetic constraints on the maximum grain growth
rates for high-tillering genotypes do not automatically
result in low grain yields under optimum conditions.
Bidinger and Raju (2000) did not observe a significant
interaction for grain yield between plant type and
either fertility or density in a comparison of modern
high- and low-tillering pearl millet cultivars and
hybrids. Similarly, Craufurd and Bidinger (1988b)
found that high- and low-tillering pearl millet hybrids
had similar grain yields under high-yielding condi-
tions. In both cases (Bidinger and Raju, 2000; Crau-
furd and Bidinger, 1988b), the high-tillering cultivars

had higher grain numbers per square metre than the
low-tillering genotypes, but lower grain mass. In our
experiments, CZ-IC 922 showed this type of compen-
sation under optimal conditions at Patancheru, where
its grain number was significantly higher than that of
any of the other cultivars (Table 2). The high grain
number per square metre of the high-tillering hybrid
(BJ 104) in the study of Craufurd and Bidinger
(1988b) could be explained by a high grain number
per unit of structural panicle weight, as illustrated by a
direct comparison with WRajPop and RCB-IC 911
(Table 5). As grain number per unit area and 100 grain
mass are generally negatively correlated (Craufurd
and Bidinger, 1989), with about 50% of the variation
in 100 grain mass explained by differences in grain
number (Bidinger et al., 2001), it is unclear whether
the low 100 grain mass in the high-tillering genotypes
of the studies by Bidinger and Raju (2000) and
Craufurd and Bidinger (1988b) is a consequence of
increased competition from the higher grain number,
or the result of a low maximum grain growth rate per
sé. In our study, however, the low 100 grain mass of
the landraces under optimum conditions at Patan-
cheru, relative to their grain number, suggests they
have a poor grain filling ability (Bidinger et al., 2001),
as opposed to being affected by competition for
assimilates due to a high grain number.

Under stress conditions in Rajasthan, the low max-
imum grain growth rate of the landraces did not result in
major grain yield penalties. This can be explained by
the strong likelihood that assimilate availability during
grain filling was so low, that even the low maximum
grain growth rate of the high-tillering landraces was

Table 5

Ratio of grain number per square metre and structural panicle
weight (g m~?) at maturity for three pearl millet genotypes, grown
at four plant densities under well-watered and well-fertilised
conditions at Patancheru in the dry season of 1996

Plant density BJ 104 RCB-IC 911  WRajPop
(per square metre)
4 419 280 283
11 372 237 247
15 332 221 242
20 303 239 222
Density effect P =0.012
Genotype effect P < 0.001
Interaction P =0.439
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not a limitation to the complete utilisation of all avail-
able assimilates for grain growth. This hypothesis is
supported by the low contribution of nodal tillers to
grain yield in Rajasthan (Table 1). The main exception
was Nokha Local, the unimproved landrace, which
tended to have the lowest grain yields under low-
yielding conditions at Rajasthan (Table 2), although
differences were not significant. This lower grain yield
was entirely due to a low 100 grain mass (Table 2). The
lack of response of 100 grain mass to assimilate avail-
ability in Nokha Local (Fig. 7, Table 2) indicates that its
potential grain growth rate is so low, that even in most
of the low yielding experiments in Rajasthan it could
not translocate all available assimilates into the grains.
This hypothesis is supported by the observation that
across the 13 Rajastan experiments, Nokha Local on
average produced 67% more nodal tillers per square
meter than the other two landraces (ERajPop and
WRajPop), whereas its grain yield from nodal tillers
was twice that of ERajPop and WRajPop. This exces-
sive nodal tillering is a symptom of assimilate surplus.
The large-seeded cultivar RCB-IC 911, by contrast, had
a considerably smaller grain size in Rajasthan than
under optimum conditions at Patancheru (Fig. 7,
Table 2), presumably because carbon availability under
stress in Rajasthan was unable to maintain the high
grain growth rate. The repeatable interaction for grain
yield between landraces and modern cultivars in opti-
mum versus stressed environments is consistent with
results for barley landraces under dry conditions in west
Asia (Ceccarelli et al., 1998) and supports the conclu-
sion that the adaptive mechanisms of the landraces are
as important in determining grain yield under stress as
the ability to produce high grain yield under optimum
conditions.

4.3. Stress-adaptation strategy of the landraces

4.3.1. Small size of the main shoot panicle

The small size of the main shoot and its panicle was
a key component in the adaptation to stress of the
landraces. Under optimum conditions, the mean grain
number in basal tillers was on average about 80% of
that in the main shoot (Fig. 5a). Under stress condi-
tions, however, landraces were, compared with mod-
ern varieties, generally better able to maintain the
normal grain number and 100 grain mass (and hence
the grain yield) of the productive tillers relative to the

main shoot. Grain yield of individual axes is linearly
related to their growth rate (Craufurd and Bidinger,
1988a); hence, maintenance of grain yield of the tillers
under stress conditions indicates maintenance of their
growth rate. This is likely to be due to a reduced
competition with the main shoot for limited resources
(water, light, nutrients), resulting from the smaller size
of the main shoot. The low grain number per indivi-
dual axis (but not per unit area) ensured that the sink
demand per panicle during grain filling was small, thus
providing a mechanism to stabilise grain number per
basal tiller panicle in the landraces under stress.

The small panicle size of the landraces also
enhanced the stability of grain yield through minimis-
ing the detrimental effects of drought stress on timing
of anthesis. In environments with pre-anthesis drought
stress, the delay in anthesis increased linearly with the
size of the main shoot panicle (Fig. 6). This was likely
to be caused by the higher sink demand (amount of
structural panicle weight) of the larger panicles.
Delayed anthesis can be a useful developmental
mechanism to escape mid-season drought stress, pro-
vided there is adequate moisture to complete devel-
opment (Bidinger et al., 1982). In many of the
environments in Rajasthan where pearl millet land-
races are grown, however, rainfall events are few and
far between (Sharma and Pareek, 1993) and delayed
anthesis increases the probability that the growing
season extends well beyond the occurrence of the last
significant rainfall (van Oosterom et al., 1996). This
can result in small grains, as illustrated in Fig. 9 by the
negative relationship within genotypes between late
anthesis and 100 grain mass in experiments that
experienced end-of-season drought stress. Extremely
small grains constitute a waste of assimilates, as they
are often lost during winnowing of the harvested
seeds. Moreover, small grains are not used by farmers
as a seed source for next crop (Dhamotharan et al.,
1997), because of the likelihood of poor early growth
vigour (Manga and Yadav, 1995; Lopez-Castafieda
et al., 1996). The small panicle size of the landraces
thus provides an additional mechanism to maximise
yield stability if stress occurs around anthesis.

4.3.2. Low investment in structural
panicle dry matter

The low investment in structural panicle weight,
relative to growth rate, provides the landraces with a
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unity.

mechanism to escape stress around anthesis of the
main shoot through the production of nodal tillers. It
has been suggested that asynchronous tillering in pearl
millet provides phenological plasticity, allowing a
fraction of the tillers to escape stress (Mahalakshmi
et al., 1987). However, our results and those of a
related study (van Oosterom et al., 2001a) show that
an increase in the number of productive basal tillers
does not substantially increase the range in anthesis
dates. In addition, Craufurd and Bidinger (1988a)
showed that basal tillers reach panicle initiation soon
after the main shoot, suggesting limited options for
stress-escape through basal tillers. However, even the
small asynchrony between main shoots and basal
tillers can cause substantial differences in anthesis,
as illustrated by the bimodal distribution of anthesis
date of the basal tillers in Fig. 6. Asynchrony is
therefore not a genotype effect per sé, but also a result
of tiller x stress interactions. Nodal tillers increase
asynchrony, as they generally appear during the period
between flag leaf emergence and mid-grain filling, and
reach anthesis approximately 3 weeks later than the
main shoot (Table 4). They first appear when the
structural part of the panicle and the upper stem

internodes are the main sinks in the plant. The sig-
nificant relationship, under optimum conditions,
between nodal tiller number and the size of the panicle
sink, relative to the CGR, supports the hypothesis that
the production of nodal tillers is a consequence of
assimilate surplus. Therefore, their contribution to
grain yield will generally decline as assimilate supply
becomes more limited (Table 1). However, even under
the low-yielding conditions of Jodhpur 1997, 1998,
the contribution of nodal tillers to the grain yield of
Nokha Local was 20 and 13%, respectively, and
results of vom Brocke et al. (2001) confirm that
prolific nodal tiller production can occur at yield levels
well below 1 ton ha™". Presumably, even under these
low-yielding conditions, the potential grain growth
rate is too low for all available assimilates to be
translocated to the grains. The modern cultivars, by
contrast, produce few nodal tillers, as they have gen-
erally been selected for maximum grain yield under
favourable conditions, where this insurance policy is
of little use. Results of Mazaredo et al. (1996) on nodal
tillering in deep water rice, showed that crops with a
large proportion of nodal tillers always had lower
grain yield than crops without nodal tillers. This is
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consistent with the low grain yield and prolific nodal
tillering of the landraces under optimum conditions at
Patancheru (Tables 1 and 2). If extensive nodal tiller-
ing is a symptom of assimilate surplus, then the high
contribution of nodal tillers to grain yield at Patan-
cheru (up to 25% for Nokha Local) indicates an
inefficient use of available assimilates. As stress
escape is of no importance under such conditions,
the ability of landraces to produce nodal tillers (as a
result of a relatively small investment in structural
panicle weight) provides a specific adaptation to stress
(particularly around anthesis when nodal tillers are
produced) while carrying a yield penalty under opti-
mum conditions.

4.4. Tailoring plant type to stress pattern

The yield architecture of the high-tillering land-
races is aimed at minimising the risk of a crop failure
under stress conditions. But as some of the adaptation
strategies are particularly aimed at minimising the
detrimental effects of stress around anthesis, this
strategy assures maximum stability in environments
where timing of stress is unpredictable and mid-season
drought stress is likely to occur. This is consistent with
the high probability of occurrence of pre-anthesis
drought stress in western Rajasthan, where the land-
races have evolved (van Oosterom et al., 1996). As
landraces are the product of both natural and delib-
erate (by local farmers) selection, the plant type of
landraces included in our study reflects the importance
of risk avoidance to farmers in the drier areas of
western Rajasthan (vom Brocke et al., 2001). The
concept of an adapted plant type supports the conclu-
sion of Ceccarelli et al. (1991) that yield stability in
environments with unpredictable occurrence of stress
is conferred by a combination of traits or even a
mixture of plant types.

The low-tillering, large-seeded modern cultivars, by
contrast, have been bred for high yield potential
through a greater investment of assimilates into struc-
tural panicle weight and individual grain mass. How-
ever, the absence of significant differences in grain
yield in the low-yielding environments (Table 2) illus-
trates that this plant type is not necessarily unadapted
to stress. If stress only occurs after anthesis, the
conservative strategy of the high-tillering landraces
may have little advantage. Under such conditions,

grain yield is negatively correlated with time to
anthesis (Bidinger et al., 1987), but in the absence
of drought around anthesis, the phenology of large
panicles will not be delayed. Moreover, the number of
productive tillers is reduced under post-anthesis
drought stress (Bidinger et al., 1987), reducing the
potential for high-tillering landraces to compensate
for the small panicle size. Consistent with this is that in
Eastern Rajasthan, where drought stress is likely to
occur after anthesis, farmers prefer early varieties with
large panicles and large grains (van Oosterom et al.,
1996). Similarly, in the West African environments
where low-tillering Iniadi germplasm (from which
RCB-IC 911 is derived) is traditionally grown, the
risk of post-anthesis drought stress is considerably
higher than the risk of pre-anthesis drought stress
(Sivakumar, 1988, 1992; Andrews and Anand Kumar,
1996). The low-tillering plant architecture might thus
provide better adaptation to environments with pre-
dictable timing of drought stress.

The high-tillering plant type of the landraces had no
obvious advantage under the stress conditions in our
experiments (Table 2). This could partly be explained
by the prevalence of post-anthesis drought stress in the
experiments conducted in Rajasthan (Table 1). The
effect of yield architecture on adaptation to specific
stress patterns was clearer in selected experiments if
RCB-IC 911 and WRajPop, which have similar phe-
nology, are compared (Table 6). Under the post-
anthesis drought stress of Jodhpur 1995, RCB-IC 911
yielded significantly more grain than WRajPop. The
reduction in productive basal tiller number in the
landrace was too much to adequately compensate
for the smaller panicle size, while sufficient carbon
was available to allow higher grain mass in RCB-IC
911. Hence, the high-tillering plant type had no
advantage. In the dry season of 1995 at Patancheru,
however, where pre-anthesis drought was temporarily
relieved around anthesis, WRajPop had a non-signifi-
cant yield advantage over RCB-IC 911, as the stress
adversely affected the production of basal tillers in
RCB-IC 911, but not in WRajPop. This resulted in a
significantly higher grain number for the landrace,
which compensated for the lower grain mass (Table 6).
Recent analyses on a large population of Rajasthan
landraces with contrasting yield architecture (van Oos-
terom, Weltzien, Bidinger, unpublished data) also
show that high-tillering landraces that produce small
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Table 6

Grain yield and yield components (per square metre) of WRajPop
and RCB-IC 911 in three experiments with contrasting occurrence
of drought stress”

Drought stress

None Post-anthesis Pre- and
(Patancheru (Jodhpur 1995  post-anthesis

1995 rainy rainy season) (Patancheru
season) 1995 dry season)

Main shoot number

RCB-IC 911 5.8a 6.6 a 85a

WRajPop 64 a 8.0a 85a
Basal tiller number

RCB-IC 911 123 b 19b 55b

‘WRajPop 193 a 83a 203 a
Grain yield (main shoot)

RCB-IC911 210a 149 a 156 a

WRajPop 114 b 89 b 85b
Grain yield (basal tillers)

RCB-IC 911 248 a 25b 23 b

WRajPop 225 b 56 a 99 a
Grain yield (all axes)

RCB-IC 911 488 a 174 a 189 a

WRajPop 387 b 147 b 200 a
Grain number (all axes)

RCB-IC 911 43506 a 19207 a 22608 b

WRajPop 45428 a 22093 a 33618 a
100 grain mass (average)

RCB-IC 911 1.12 a 091 a 0.84 a

WRajPop 0.86 b 0.66 b 0.60 b
Biomass

RCB-IC 911 1094 a 428 a 431 a

WRajPop 984 a 443 a 522 a

# Values followed by a different letter are significantly different
at P < 0.05 according to Tukey’s test for pair wise comparisons.

panicles yielded significantly more than low-tillering
ones with large panicles and similar phenology under
extreme mid-season drought stress in Rajasthan, but
significantly less under post-anthesis drought stress
at Patancheru. The existence of such significant
cross-over interactions for grain yield would support
the framework developed here that high-tillering and
small panicles are particularly advantageous if
drought stress occurs both before and after anthesis,
but have little advantage if only post-anthesis drought
stress occurs.

5. Conclusions

This paper developed a crop physiological frame-
work to explain the repeatable G x E interaction for
grain yield between high-tillering pearl millet land-
races and modern low-tillering cultivars across
favourable and stressed environments. It is concluded
that these interactions are the result of two different
yield strategies: avoidance of a crop failure in envir-
onments where the timing of stress is unpredictable
(landraces) versus maximising yield potential (mod-
ern cultivars). It is hypothesised that the second
strategy may also be useful in environments where
the timing of stress occurrence is predictable (e.g.
prevalence of post-anthesis drought). Although the
adaptation strategy of the landraces carried a yield
penalty under optimum conditions, this is of little
concern to subsistence farmers in arid zones where
favourable growing conditions are unlikely to occur.
This framework could be a useful tool in a breeding
program, targeting specific adaptation by identifying
plant types that best match the prevalent stress pat-
terns in a geographical area.
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