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Effect of yield potential, drought escape and drought
tolerance on yield of pearl millet (Pennisetum glaucum) in
different stress environments
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ABSTRACT

An experiment was conducted during the rainy season of 1988 and 1989 and the dry season of 1989 and
1990 to study the effect of yield potential, drought escape and tolerance on ihe grain yietd of pearl millet
{Pennisetum glaucum (L.) R. Br. emend. Stuntz] under stress. Different types of drought and heat stress
occurred, viz moderate and severe post-flowering drought and severe pre-flowering drought, combined with
either high or low temperature during grain filling. Yield potential was only related to yield under stress
when pre-flowering drought was combined with low temperatures. Escape was the predominant factor if
temperature was high, except if combined with pre-flowering drought, in which case tolerance became more
important. These results show that for stressed environments, selection for yield potential is of limited use.
The importance of escape and tolerance, however, depends on the timing and intensity of stress ocouirrence.
If pearl millet-growing regions can be characterized based on occurrence of abiotic stress, breeders can
select more efficiently for plant traits that enhance stress adaptation in specific target environments.

Yield under stress can be considered as a
function of yield potential, stress escape and
stress tolerance, Yield potential is often only
a minor determinant of yield in arid zones,
because plant ideotypes that are successful in
favourable environments differ from those
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that perform well under stress (Ceccarelli er
al. 1992, van Oosterom and Ceccarelli 1993).
Simultaneous selection foryield potential and
yield under stress, however, is effective in
regions where both favourable and un-
favourable conditions occur (Nachit 1989,
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Zavala-Garcia er al. 1992), The effects of
escape and tolerance on yield under stress
depend on both the timing (Bidinger et al.
1987) and intensity (Nachit and Ouassou
1988) of stress occurrence. This indicates that
genotype X environment interactions in un-
favourable environments are related to the
differential effects of yield potential and stress
escape and tolerance on yield under stress. A
quantification of the importance of these ef-
fects on yield in different types of stress
environments can assist breeders in the iden-
tification of adaptive plant traits for un-
favourable environments.

The aim of this study was to quantify the
contribution of yield potential, stress escape
and stress tolerance to grain yield of pearl
millet [Pennisetum glaucum (L.) R, Br.
emend. Stuntz], grown in different environ-
ments with different timings and intensities of
the occurrence of droughtand heat stress,

MATERIALS AND METHODS

Plant material and environments

The trials were conducted during the rainy
season of 1988 and 1989, and the dry season
of 1989 and 1990 at sites in both northern and
southern India. Data were obtained from 24
environments (site X year X treatment com-
binations, Table 1). Out of 16 genotypes used,
14 were common in all trials. The genotypes
included both hybrids and open-pollinated
varieties and were bred at institutions and
universities patticipating in the All-India Co-
ordinated Pearl Millet Improvement Pro-
gramme (Table 2).

The trial was laid out in randomized com-
plete block design with 3 or 4 replications.
Plots consisted of 4 rows, each 5 m long; the
row spacing differed between sitcs, Phos-
phorus (before sowing) and nitrogen (split
application) were applied at most locations;
the rates varied in different environments, ac-
cording to local recommendations.
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The timing and intensity of drought stress
were calculated for each environment using a
water budget developed by Frere and Popov
(1979). This budget calculates a cumulative
water satisfaction index, which represents the
percentage of the estimated crop water re-
quirement (potential evaporation X crop coef-
ficient) that could be supplied by the available
soil water up to a particular moment in the
growing season. Srivastava et al. (1984) suc-
cessfully applied the budget to explain
seasonal differences in yield of groundnut
(Arachis hypogaea L.) in Rajkot district.

Based on the values for water satisfaction
index at flowering and maturity, 4 groups of
environments were distinguished, differing in
timing and intensity of drought occurrence,
viz without drought stress, with moderate or
severe post-flowering drought stress and with
severe pre-flowering drought stregs, The en-
vironments were further subdivided into those
with low and high temperatures during grain
filling (mean maximum < 34°C and > 34°C
respectively). This resulted in 7 groups of
environments (Table 1),

At each environment, grain yield and time
from sowing to flowering were recorded.
Time to flowering was expressed as thernial
units, assuming a base, optimum and maxi-
mum temperature of 11°C, 33°C and 46°C
respectively (Ong and Monteith 1985, Squire
1989).

Estimation of yield potential, drought escape
and droughi tolerance

Yield under stress can be described as
(Nachit and Ouassou 1988):

Y;e = ﬂ+b*YP+C*Fl+81 .,.(l)

where Yse, estimated yield under stress; Yp,
yield potential; F1, time of {lowering; and &1,
error term, The yield potential and time from
sowing to flowering were for each genotype
estimated as the average across the 5 environ-
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ments where drought and temperature stress
were absent (Table 1). Stress tolerance (St)
was defined as the difference between ob-
served (Yso) and estimated yield under stress;

Yso— Yse =St +e2 . (2)

Stress escape (Se) was calculated as the
difference between Ysp and the estimated
yield under stress, Ys¢ (based on the regres-
sion of yield under stress on yield potential)
minus the effect of stress tolerance:

(¥so—Yse)— St = ¢’ #Se +¢3 ()

In these 3 formulae, Yp, Se and St are’

orthogonal and together explain 100% of the
variation in yield under stress. The input data
for yield potential, time to flowering, and
yield under stress were obtained from data,
which were standardized for each environ-
ment to a mean of (0 and a standard deviation
of 1. The standardized means were then mul-
tiplied by the standard deviation ofthe unstan-
dardized mean and the product was added to
the unstandardized mean,

RESULTS AND DISCUSSION

Environmental and genotypic differences

A division of the environments into 4
groups, based on water satisfaction index at
flowering and maturity (Table 1), explained
74.9% of the environmental sum of squares
for grain yield. This increased to 80.6% if
these groups were subdivided based on
temperature, Both groupings reduced the ratio
of the genotype X environment (G x E)
variance to the genotype variance (Table 3),
indicating less G x E interaction within the
environment groups than within the complete
set of environments. The timing and intensity
of drought and heat stress were therefore the
major environmental constraints to grain
yield.

The genotypes were divided into early,
intermediate and late flowering (Table 2). Dif-

PEARL MILLET PERFORMANCE IN STRESS ENVIRONMENTS

ferences in yield potential between these
groups were small, Late-flowering genotypes
tended to have the highest yicld potential
(yield in the absence of stress, Table 2). How-
ever, the yield potential of the other 2 groups
was relatively low, especially if compared
with their yields in environments with only
heat stress. There was thus no evidence that
yield potential and flowering were associated
in this experiment,

Under conditions of post-flowering
drought stress, carly genotypes were found
highest yielding, especially when temperature
was high during grain filling (Table 2). If high
temperature after flowering was combined
with moderate drought stress, the early
genotypes on average outyielded the medium
ones by 31% and the late ones by 43%; these
percentages doubled if drought stress became
severe. Earliness therefore became more im-
portant if stress during grain filling increased.

If drought stress occurred before flower-

ing, the late-flowering genotypes on average

had the highest yields and the early-flowering
genotypes the lowest, irrespective of the
temperature during grain filling (Table 2).
This indicates that in those environments the
genotype ranking for grain yield was deter-
mined by escape from mid-season drought
stress rather than by escape from end-of-
season heat stress,

Contribution of yield potential, escape and
talerance o yield under stress

The absolute values of the contribution of
yield potential, escape, and tolerance fo yield
under stress were biased by the material used.
Therefore the discussion of these results will
focus on the relative importance of the 3
factors. ” ‘

Yield potential contributed little to yield
under stress, except if pre-flowering drought
was combined with low temperatures during
grain filling (Table 4). The effect of yield
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Table |  Cumulative water satisfaction index (WSI) at flowering and around maturity (used 25 days after flowering),
mean maximum temperature during grain filling, and average grain yield of peart millet for the environments

Environment WSI Temperature Yield
Flowering . Manrity °0y (&/m™
Non-drought stress
Low temperature
Patancheru 1989 100 100 287 427
Durgapura 1988 ’ 100 100 324 324
Patancheru 1988 100 100 293 313
Anantapur 1988 (early sowing) 100 100 30.7 273
Jamnagar {988 100 89 322 267
High temperature
- Hisar 1988 (imrigated) 100 99 52 354
Hisar 1988 100 50 355 241
Bawal 1988 100 83 157 318
~ Patancheru dry season 1989 (irrigatedt) 99 ‘ 90 36.5 319
Patancheru dry season 1990 (irrigatedt) 97 87 359 283
Moderate post-flowering drought stress
Low temperature
Anantapur 1988 (late sowing) 99 62 331 192
Patancheru 1989 (rain-out shelter") 97 60 288 168
Jamnagar 1989 95 70 323 291
Anantapur 1989 (late sowing) 88 62 336 183
High temperature
Jobner 1988 : 100 I 354 63
Patancheru dry season 1989 (stress?) 99 60 357 170
+ Patancheru dry season 1990 (stressi) 98 54 358 148
Durgapura 1989 97 63 355 82
Fatehpur 1988 96 60 347 212
‘ Severe post-flowering drought stress A
High remperature
Jodhpur 1988 ‘ 97 46 380 63
Mandor 1988 92 C 40 38.0 91
Mandor 1989 87 50 36,6 124

Severe pre-flowering drought stress
Low temperature

Anantapur 1989 (early sowing) 57 44 325 81
High temperature
Fatehpur 1989 61 32 M7 47

fIrrigated from sowing until maturity; Yrain withheld after boot stage via rain-out shelter; tirrigated only uatil
average flowering
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Table 2

PEARL MILLET PERFORMANCE IN STRESS ENVIRONMENTS

Average grain yield (g/mz) of 14 pearl millet genotypes, grown in environments differing in the timing (pre-

or post-flowering) and intensity (moderate or severe) of drought stress and in the temperature during grain
filling (the classification of environments js similar to that of Table 1)

Genotype Without  Without DS With post- With posi- Withpost-  With pre-  With pre-
DS and and flowering flowering flowering  flowering flowering
without with HS MDSand MDSand SDSand SDSand SDS and

Hs' without ~ withHS  without without  with HS
HS HS HS
Early flowering
‘HHB 67" 301bed 361° 2250 178* 156° 65° 29°¢
‘RHB 27’ 294>d 3uawed  ggpebe 7% 144 55° 37%d
‘HHB 68’ 309" 346" 237° 163 121 69" 48"
Mean . 301 240 228 170 141 63 8
Intermediate flowering ‘
‘RHB 23’ 3010 301 2218 12g0%f gyt 70M 45t
“CZDT 46' 250° 249° 175° 113%F 76% 54° 49"
SICMV 88904’ 309% 337 220 14354 75% 60° 44
‘RHB 28° 317 297 187% 119%%¢ 1o 62° 24¢
‘HHB 60’ 329% 358% 242* 146 92t 128% 47t
Mean 301 108 209 130 98 75 42
Laie flowering
‘[CMV 87125’ 341% o1 gqpite 130%% g6 g3 4%
‘IHPV 85/1° 4™ 290°% 205 1215%f 59° 77% 71
‘ICMH 84122’ ag4" apgued e 140" g4t 162° 49"
“WCC 75° 337 255° 182" 116°%" §3° 75" 76°
‘PSB 1’ 278 264% 188%™ 108°F 75% ge™ 44
‘ICMV 82113’ 3308 249° 210" 97 gaede g3%° 51°
Mean 332 280 205 119 75 96 56

DS, Drought stress; MDS, moderate drought stress; SDS, severe drought stress; HS, heat stress
Yields in environments without drought and heat siress represent yield potential
Means in the same column followed by the same letter are not significantly different(P <0.05) according to Tukey’s

test for pair-wise comparisons

potential was strongly reduced by higher
temperatures during grain filling. This con-
firms results for Mediterranean environments
where yields of barley (Hordeum vulgare L.,
sensu lato) in favourable environments are not
related to those in unfavourable ones (Cec-
carelli and Grando 1991, van Oosterom et al.

1993). For breeding programmes of pearl mil-
let aiming at unfavourable environments,
selection for yield potential is thus of limited
use. ‘
Escape by early flowering was a major
determinant of grain yield in environments
where post-flowering stress (drought, heat)
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Table3  Ratio of the genolype X environment variance
1o the genotype variance for grain yield of
pearl miliet in different environments and sub-

sets of environments

Drought
environment

Temperature environment
Low+high  Low High

1.48(10)
1.35(5)

0.88 (14)
024 (5)

Qverall
No drought

1.93 (24)
1.68 (10)

Post-flowering drought
Muoderate 082(%9 0.76(d
Severe 0.63 (3) (0)

074 (5)
063 (3)

Pre-flowering drought

Severe 6.81 (2) (1) )

Values in parentheses indicate the number of environ-
ments

prevailed (Table 4). Early flowering is a com-
mon escape mechanism for end-of-season
stress in cereals, viz spring wheat (Triticum
aestivum L. emend. Fiori & Paol.) (Fischer
and Wood 1979, Nachit and Ouassou 1988)
and barley (Ceccarelli 1987, van Qosterom
and Acevedo 1992). In environments with
pre-flowering drought, however, late geno-
types had the highest yields (Table 2), al-
though the contribution of escape to yield
under stress was relatively small (Table 4).
The resulis indicate the importance of escape
as a component of yield under unfavourable
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conditions, although its effect strongly
depends on the timing and intensity of stress
occurrence,

The contribution of stresstolerance toyield
under stress was inconsistent across environ-
ments (Table 4). It might be expected that
those developmental and physiological
mechanisms that confer tolerance, differ with
the type of stress (Ludlow and Muchow 1988).
A genotype that tolerates one type of stress
therefore not necessarily tolerates other types.

Implications for breeding

Considering the effect of stress occurrence
on the contribution of escape and tolerance,
the optimum plant ideotype and selection
strategy vary with the prevalent type of stress
in the target region, If favpurable and un-
favourable seasons aliernate, a simultaneous
selection for yield potential and yield under
stress should ensure rcsponsiveness to
favourable conditions, which will result in
higher mean yields across seasons. If un-
favourable conditions are likely, selection for
yield can best be done under stress, because of
the limited contribution of yield potential. In
case the timing of stress is predictable, phenol-
ogy will be an efficient selection criterion to
improve yields. However, if stress is likely to
occur, but its timing and nature are unpre-
dictable, selection for tillering capacity,

Tabie4  Contribution (%) of yield potential, stress escape and stress tolerance to yield in environments with
contrasting timing and intensity of drought stress and contrasting temperature during grain filling

‘ Drought stress Low temperature High temperature
Yield Stress Stress Yield Stress Stress
potential escape tolerance potential escape tolerance
None 100.0 0 0 45 5887 36.7
Moderatepost-flowering 14.5 377 477" 0.4 8147 18.2
Severe post-flowering 42 7287 23.0°
Severe pre-flowering 5677 39 199" 93 230" 61.7"

*P<0.10;"P<0.05; P < 0.01; P < 0.001
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which increases asynchrony in flowering, is
recommended to enhance the probability of
escape (Ludlow and Muchow 1988). A char-
acterization of the major pearl millet-growing
areas in the country in terms of patterns of
stress occurrence, can therefore be very useful
to breeders for identifying plant traits that
enhance adaptation to stress.
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