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ABSTRACT be a product of different combinations of three distinct
factors: green leaf area at flowering, time of onset ofDelaying leaf senescence is an effective strategy for increasing
senescence, and subsequent rate of senescence (vancereal production, particularly under water-limited conditions. A set

of 72 nonsenescent (stay green) genotypes of sorghum [Sorghum Oosterom et al., 1996; Borrell et al., 2000a). Further,
bicolor (L.) Moench] was evaluated for pattern of postflowering leaf all three factors appear to be inherited independently
senescence in replicated field experiments during the 1998-1999 and (Van Oosterom et al., 1996), and thus sources expressing
1999-2000 post-rainy seasons at the International Crops Research different components can be combined easily in breed-
Institute for Semi-Arid Tropics to identify superior sources of stay ing programs (Borrell et al., 2000a). Stay-green hybrids
green. Individual leaves of three plants per plot were scored visually have been shown to produce significantly greater total
for leaf senescence at weekly intervals from flowering until harvest

biomass after anthesis, to retain greater stem carbohy-maturity. Leaf senescence patterns were determined by fitting logistic
drate reserves, to maintain greater grain growth rates,or linear functions to weekly percent green leaf area (% GLA), from
and to have significantly greater grain yields under ter-which % GLA at 15, 30, and 45 d after flowering were estimated. On
minal drought stress than related but senescent hybridsthe basis of estimated % GLA at 15, 30, and 45 d after flowering in

the two years, genotypes clustered into five groups. The clusters re- (Borrell et al., 1999, 2000b). Stay-green genotypes also
tained 74% of the total variation in % GLA, despite differences in appear to have higher leaf-nitrogen concentrations (spe-
the pattern of development of stress and subsequent leaf senescence cific leaf nitrogen) at flowering and maintain these dur-
pattern between the two years. Cluster 1 genotypes, which combined ing grain filling (Borrell and Hammer, 2000), which is
nonsenescence with drought escape, through early flowering, were possibly associated with a higher transpiration efficiency
superior to Cluster 2 genotypes, which were nonsenescent but late in the best stay-green hybrid (Borrell et al., 2000c).
flowering, in the more severely stressed year when drought escape

Conventional breeding for stay green has been basedwas important, but not in the milder stress year when escape was less
primarily on two sources for this trait, B 35 and KS 19.of a factor. The experiment identified several (e.g., IS 22380, QL
KS 19 is a selection from a cross of short Kaura, an im-27, QL 10, E36 �R16 8/1) tropically adapted lines with stay-green
proved landrace cultivar from northern Nigeria, withexpression equivalent to those of the best temperate lines B 35 and

KS 19. Combine Kafir 60 (Henzell et al., 1984). B 35 (PI 534133)
was selected from a converted (dwarf height, early flow-
ering) version of IS 12555, an Ethiopian landrace (Rose-
now et al., 1983, 1996). KS 19 has been used commerciallyAnumber of annual cereals exhibit genetic varia-
primarily in the breeding program of Queensland De-tion for the degree or rate of leaf senescence dur-
partment of Primary Industries, whereas B 35 is widelying grain filling (Thomas and Smart, 1993). Delayed
used in both public and private sector breeding pro-senescence (or stay green) in sorghum is considered a
grams in the USA. Recent research suggests that thevaluable trait, as it improves genotype adaptation to
two sources differ in the mechanisms by which theypostflowering drought stress, particularly in environ-
prolong leaf-area duration during grain filling. Bothments in which the crop depends largely on stored soil
sources delay the onset of senescence. They differ inmoisture to fill and mature grain (Rosenow et al., 1977).
that B 35-derived lines have a greater leaf area at flow-Specifically, stay green has been associated with reduced
ering and a normal rate of leaf senescence, whereas KSlodging (Mughogho and Pande, 1984), lower susceptibil-
19-derived lines have a smaller leaf area at flowering andity to charcoal rot [caused by Macrophominia phaseo-
a slower rate of leaf senescence (Borrell et al., 2000a).lina (Tassi) Goid.] (Mughogho and Pande, 1984), higher

Although the ability of leaves to delay senescencelevels of stem carbohydrates both during and after grain
has a genetic basis in sorghum (van Oosterom et al.,filling (McBee, 1984), and improved grain filling and
1996), the expression of the character is strongly influ-grain yield under stress (Rosenow and Clark, 1981).
enced by environmental factors. The trait expresses bestBecause of these benefits, selection for enhanced stay
in environments in which the crop is dependant upongreen has been an important component of breeding for
stored soil moisture, but where this is sufficient to meetimproved drought tolerance and improved grain yield in
only a part of the transpiration demand. Sufficient ex-breeding programs in the USA (Rosenow et al., 1983)
pression of the trait for selection is thus dependant uponand Australia (Henzell et al., 1992) for many years.
the occurrence of a prolonged period of drought stressRecent research has provided a better understanding
during the grain-filling period of sufficient severity toof the genetics and the physiology of stay green. Greater
accelerate normal leaf senescence, but not of sufficientgreen-leaf-area duration during grain filling appears to
magnitude to cause premature death of the plants. Be-
cause of this precise requirement for the trait expression,

International Crops Research Institute for the Semi Arid Tropics field environments do not offer ideal conditions for se-(ICRISAT), Patancheru 502324, Andhra Pradesh, India. Received
lection and molecular markers associated with this trait23 March 2001. *Corresponding author (V.MAHALAKSHMI@

CGIAR.ORG).
Abbreviations: % GLA, percent green leaf area; DAF, days after
flowering; DAS, days after sowing.Published in Crop Sci. 42:965–974 (2002).
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N, as urea, was side-dressed and the field given a light (15may offer the better alternative (Crasta et al., 1999; Xu
mm) sprinkler irrigation. Flowering was recorded as the timeet al., 2000).
of stigma emergence in 50% of the main-shoot panicles. AtThe limited number of sources of stay green currently
maturity (about 60 d after flowering), panicles from one meterin use in sorghum breeding programs contrasts with its
of the central row (1998-1999), or from two meters of bothimportance in improving adaptation to postflowering rows (1999-2000),were harvested, dried, and threshed to esti-

drought stress, and with the effort being invested in mate grain yield. The crop was protected from both leaf feed-
identifying molecular markers to transfer it to new lines ing insect pests and stem borers with appropriate insecticides.
more effectively. A search for additional sources of stay Regular prophylactic measures were taken to prevent leaf
green, which may be different genetically or physiologi- rust, which is common during this season.
cally, would thus be worthwhile. The objective of the
research reported in this paper was to evaluate critically Estimation of Senescence
a number of stay-green sources available at ICRISAT At the time of emergence of the flag leaf, three uniform
for their patterns of leaf senescence under terminal plants in each plot were tagged, the length and breadth of
stress conditions. upper six leaves measured, and the area of each estimated as:

leaf length � leaf width � 0.70. (This factor was determined
by measuring the leaf length, breadth, and actual area of 50MATERIALS AND METHODS randomly chosen leaves.) Beginning at flag leaf emergence,
the percentage remaining green of each of the upper six leavesGenetic Materials
of each tagged plant was visually estimated at weekly intervals,

On the basis of earlier research conducted at ICRISAT, a on a linear 0-to-9 scale, where 0 � 0 to 10% green-leaf area,
number of stay-green lines were identified from the ICRISAT and 9 � 90 to 100% green-leaf area. Weekly green-leaf area
sorghum-breeding program. Additional lines were furnished of each tagged plant was calculated by multiplying the percent
by collaborators in Australia and the USA for evaluation in the green-leaf area by the measured area of each leaf, and sum-
post-rainy (stored moisture condition)-season environment. ming across the six measured leaves. Percentage green-leaf
These lines are listed in Table 1, along with their pedigrees, area (% GLA) for each plant, for each week, was calculated
where known. A total of 81 lines was evaluated during the by dividing the estimated GLA for that week by its measured
post-rainy season of 1998, of which only 72 flowered in a leaf area at flowering. Plot values for% GLA were calculated
reasonable period of time (�95 d). These 72 lines were re- by averaging the individual plant values for each plot.
evaluated during the post-rainy season in 1999. B 35 was in- The weekly % GLA data were used to fit an appropriate
cluded as a check, as it is the most widely used stay-green equation to describe the pattern of leaf senescence during the
source in breeding programs in the USA and Australia, and period of observations; �6 to �55 d after flowering (DAF)
it expresses the trait well in the post-rainy season in India in 1998, and �10 to �55 DAF in 1999-2000. For the 1998-
(authors, unpublished data). 1999 data, a logistic fit was satisfactory (R2 � 90%) for majority

of the plots. For those where logistic equation did not provide
a satisfactory fit, a second order polynomial fit was used. ForField Experiments
the 1999-2000 data linear fits were satisfactory for most plots,

The experiments were conducted during the post-rainy sea- for those where a linear fit was not adequate, a second order
sons (October to February) of 1998-1999 and 1999-2000 at or logistic fit was used. In both years, the coefficient of deter-
ICRISAT, Patancheru (17 � 30� N, 78 � 16� E, altitude 545 m). mination for all plots were not less than 90%. In both years, the
This season is ideal for evaluating the expression of adaptive fitted equation for each individual plot was used to estimate %
traits for terminal moisture-deficit conditions, as the crop is GLA at 15, 30, and 45 DAF. These estimated values were
dependant entirely on stored soil moisture and undergoes a used in the analysis of genotype differences in stay green and
long, progressive stress under moderate evaporative demand in the clustering of genotypes.
conditions (Sivakumar et al., 1979). Severity and time of onset
of stress can be manipulated by a choice of soil texture and/ Data Analysisor depth to vary total plant-available water content, and onset
of stress can be further manipulated (on shallow soils) by Nine entries in the experiment in 1998-1999 that failed to

flower in a reasonable time were excluded from the analysis,refilling the profile at varying times prior to flowering. The
experiments reported here were planted on a shallow (40–60 cm) and the data for the 72 remaining genotypes were analyzed

as an unbalanced lattice by means of REML option of GEN-vertic inceptisol (very fine montmorillontic isohyperthermic)
overlying a loose, decomposing granite-base material that is STAT (ver. 5.5). The 1999-2000 data were analyzed by the

same program, with all effects, including genotype, consideredpermeable to roots but contains limited plant-available water.
In the 1998-1999 experiment, the 81 genotypes were ar- as random. The data for the two years were combined and

reanalyzed to partition variances into genotype, year, andranged in a 9 � 9 lattice design with four replications. In the
1999-2000 experiment, 72 of the original 81 genotypes were genotype � year effects and to calculate heritabilities for the

expression of stay-green trait at various times after flowering,arranged in a 9 (genotypes per block) � 8 (blocks per rep)
alpha design, with three replications. The 1998-1999 experi- by the REML option of GENSTAT. Genotype data reported

in all tables and figures are the Best Linear Unbiased Pre-ment was planted on 10 November in 3-row plots, each row
4 m long and spaced 0.60 m apart. The 1999-2000 the experi- dictors (BLUP) of genotype means.

To separate the 72 genotypes into groups on the basis ofment was planted on 21 October in 2-rows plots, each row
4 m long and 0.60 m apart. A basal application of 20 kg ha�1 their stay-green expression at various times after flowering,

cluster analysis (Wards method) on standardized data (SASN and 20 kg ha�1 P2O5 as di-ammonium phosphate was banded
before sowing. The seeds were machine planted and the field Inst., 1996) was done using six variables: % GLA at 15, 30,

and 45 DAF from both the years. Clustering based on individ-irrigated with overhead sprinklers to ensure germination. The
crop was thinned 10 d after emergence to about 60 000 plants ual year’s data takes into account the differences in leaf-senes-

cence patterns in the two years.ha�1. Twenty days after emergence, an additional 45 kg ha�1
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Fig. 1. Maximum and minimum temperatures, rainfall (vertical bars), and pan evaporation during the field evaluation of 72 stay-green sources
during the post-rainy seasons of 1998-1999 (A) and 1999-2000 (B) at ICRISAT, Patancheru, India. The horizontal arrow indicates the range
in flowering time in each year.

RESULTS AND DISCUSSION the basis of 10 �C) accumulated from sowing to mean
flowering time were similar in the two years (742� days inCrop Growth and Yield
1998-1999 and 777�C days in 1999-2000). The range in

The postflowering atmospheric stress was greater in time to flowering among the genotypes was about 25 d
1998-1999 than that in 1999-2000, partly because of the in both years (71 to 95 d in 1998-1999 and 60 to 85 d
later (20 d) planting date, and, consequently later (15 d) in 1999-2000). Genotype and genotype � year differ-
mean flowering date in the first year. Cumulative Class ences in time to flowering were highly significant (Ta-
A pan evaporation for 1998-1999 was 96 mm for the ble 2). Preflowering growth was better in 1999-2000, de-
period from the mean flowering date to 15 DAF, 103 spite the fact that the mean preflowering growth period
mm for 16 to 30 DAF, and 119 mm for 31 to 45 DAF; was 5 d shorter than in 1998-1999, possibly because of
for a total of 318 for the entire period from flowering the warmer preflowering temperatures. Mean leaf area
to maturity. The corresponding figures for 1999-2000 per plant at flowering (the measured upper six leaves)
were 82, 90, and 96 mm, for a total of 268 mm. There was 1372 cm2 (range: 913–1661 cm2 ) in 1998-1999 vs.
was an isolated, but heavy rain storm (55 mm) during 1536 cm2 (range: 1219–1978 cm2 ) in 1999-2000. Geno-
the later part of grain filling (129 DAS or between 44 type and genotype � year effects for leaf area at flow-
DAF for latest flowering genotype and 69 DAF for ering were significant (Table 2). In both the years, leaf
earliest flowering genotype) in 1999-2000 (Fig. 1), when area at flowering was not related to time to flowering
all genotypes were at or past maturity and the % GLA (r � 0.15, P � 0.19; and 0.12, P � 0.33), suggesting that
was estimated only until 45 DAF, and the crop lodged. inherent differences in leaf size and leaf area among ge-

The mean time to flowering was 5 d earlier in 1999- notypes that was not influenced by the time to flowering.
2000 (74 d) than in 1998-1999 (79 d). This appeared to The mean grain yield was 121 g m�2 in 1998-1999
be an effect of somewhat cooler preflowering tempera- (range from 65–161 g m�2 ) and 215 g m�2 in 1999-
tures in 1998-1999 than in 1999-2000, as heat units (on 2000 (range from 110–327 g m�2 ). Differences among
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Table 2. Analysis of variance and heritabilities for percentage green leaf area (% GLA) at 15, 30, and 45 d after flowering (DAF),
green leaf area (GLA) at flowering and days to flowering from the field experiments conducted during the post-rainy seasons of
1998–1999 and 1999–2000 at ICRISAT, Patancheru, India.

GLA at
% GLA % GLA % GLA flowering Days to
15 DAF 30 DAF 45 DAF (103 cm2) flowering

Source of Variation df Mean squares

Year 1 800.3 3 742.0 29 212.9 3 315.9 3 719.5
Rep (Year) 5 815.2 581.5 274.1 333.7 15.8
Block (Rep � Year) 53 140.6 189.3 186.8 61.1 8.5
Genotype 71 443.1** 814.6** 1 059.0** 96.5** 216.0**
Genotype � Year 71 99.1** 167.9** 77.3 39.7** 55.7**
Error 302 41.7 73.5 66.3 18.0 3.5
Trial mean 76.0 53.0 30.6 1 454 77
CV (%) 11.1 19.9 38.0 9.3 2.4
Heritability (entry mean) 0.78 0.79 0.83 0.70 0.74

** Significant at P � 0.01.

genotypes in grain yield in 1998-1999 were only margin- flowering (r � �0.11, P � 0.36), however. Evidently,
the milder stress in 1999-2000 resulted in less of a yieldally related to leaf area at flowering (r � 0.22, P � 0.07)

but were significantly related to time to flowering (r � advantage attributable to early flowering.
�0.42, P � 0.003). Clearly early flowering was the pre-
dominant factor in genotype yield differences in 1998- Leaf Senescence Patterns
1999, rather than a greater potential yield level (as in-

Leaf senescence patterns could be described eitherdicted by leaf area at flowering), as would be expected
by a logistic or a linear curve (Fig. 2). Most stay-greenin a crop growing on limited stored soil moisture. Differ-
lines, such as B 35, exhibited a delayed onset of senes-ences among genotypes in grain yield in 1999-2000 were
cence, and, in some cases, a slower rate of senescence,not related to either early growth, as indicated by leaf
once leaf senescence began, than did the known senes-area at flowering (r � 0.09, P � 0.43), or to time to
cent line SPV 786 (Fig. 2). The combined effect of differ-
ences in onset and rate of senescence often resulted in
large differences among lines in % GLA at maturity
(Fig. 2). Differences in patterns of senescence are com-
mon in many species that exhibit stay green, even among
genotypes that may retain same level of leaf area at
maturity (Thomas and Howarth, 2000). For example,
Borrell et al. (2000a), in a study of nine sorghum hybrids
based on two different sources of stay green (B 35 and
KS 19), reported that KS 19 hybrids had a delayed onset
and reduced rate of senescence, whereas B 35 hybrids
had only delayed onset of senescence. KS 19 hybrids had
a smaller leaf area at flowering than the B 35 hybrids,
however; so the green-leaf areas at maturity for both
were similar. The nitrogen concentration in the green
leaves of both the B 35 and KS 19 hybrids was also
reported to be higher than in senescent hybrids at mid-
grain fill and maturity, yet this was associated with
thicker leaves only in hybrids with the B 35 source
(Borrell and Hammer, 2000).

To compare genotypic differences in pattern of senes-
cence statistically, the estimated % GLA (from the
equations fitted to the field data) at 15, 30, and 45 DAF
for all plots were analyzed for effects of genotype and
year � genotype (Table 2). By means of the three time
estimates of % GLA, it is possible to analyze genotype
and genotype � year differences in time of onset of
senescence (initial lag period in the logistic function),
as well as in % GLA at mid-grain filling and maturity.
There were significant genotype differences in the esti-

Fig. 2. Field percentage green leaf area in relation to days from flow- mated % GLA at 15, 30, and 45 DAF (Table 2). The
ering for B 35 (stay -green) and SPV 783 (senescent) genotypes interaction of genotypes with years was significant for %in 1998-1999 (A) and 1999-2000 (B). Equations were fitted to these

GLA at 15 and 30 DAF only, indicating that interactionspoints to estimate percentage green leaf area for various times
after flowering. with year mainly affected the time of onset of stress,
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rather than the final % GLA remaining at maturity. types, whereas Cluster 4 and Cluster 5 contained the
The heritability estimates of % GLA, as determined most senescent genotypes (Table 1).
in this experiment, were surprisingly high (0.78–0.80), On the basis of combined data from the two years,
and equivalent to heritability of days to flowering and Cluster 1 genotypes had a higher % GLA at 15 DAF
green-leaf area at flowering (Table 2). Although % (delayed onset of senescence) than did Cluster 2 geno-
GLA estimated in this experiment required very inten- types, but senesced at a greater rate thereafter, particu-
sive sampling, it appeared to improve the estimates of larly between 30 and 45 DAF, to reach approximately
heritability. This effort would seem justified for specific the same % GLA at 45 DAF as Cluster 2 genotypes
objectives, such as phenotyping mapping populations (Table 1). There was, however, a major difference be-
(where heritabilty is important for QTL detection), be- tween the two stay-green clusters in their response to
cause of the advantages of markers in facilitating the the two years. In 1998-1999, final mean % GLA (45
incorporation of the stay-green trait in sorghum geno- DAF) was lower than that in 1999-2000. Consistent with
types for drought-prone environments. the more severe stress in 1998-1999, Cluster 1 genotypes

Differences among genotypes in % GLA were signifi- clearly delayed onset of senescence much more effec-
cantly affected by time to flowering in 1998-1999. Later- tively than Cluster 2 genotypes. In contrast, in 1999-
flowering genotypes had a significantly lower % GLA 2000, Cluster 1 and Cluster 2 genotypes had similar
at 15 DAF (r � �0.42, P � 0.003), a similar % GLA patterns of senescence (Fig. 4). Cluster 1 and Cluster 2
at 30 DAF (r � �0.11, P � 0.33), but a significantly genotypes differed significantly in mean time to flow-
higher % GLA at 45 DAF (r � 0.43, P � 0.001). Appar- ering in both years (74 vs. 95 d in 1998-1999 and 71 vs.
ently, grain yields were more affected (directly) by the 81 d in 1999-2000). This means that Cluster 1 genotypes
stress in later-flowering genotypes, and as a result, there had two advantages over Cluster 2 genotypes: (i) a lower
was less translocation from the leaves. This reduced seasonal total transpiration because of a shorter growing
senescence rate ultimately resulted in a higher % GLA season, and (ii) a less severe stress after flowering in
at maturity in the late-flowering genotypes than in early years when the evaporative demand increased with time.
flowering ones, despite the fact that senescence began Both of these advantages were likely factors in this
at an earlier developmental stage in the case of the later experiment. In 1998-1999, both the preflowering (301flowering genotypes. This explanation is supported by mm) and postflowering (288 mm) cumulative evapora-a negative relationship between grain yield and %GLA tive demand, to which Cluster 1 genotypes were ex-at 45 DAF (r � �0.45, P � 0.001), i.e., the less the yield, posed, were considerably less than that to which Clusterthe greater the % GLA, though there was a meaningful

2 genotypes (417 mm preflowering and 342 mm post-relationship at % GLA at 30 DAF (r � �0.22, P �
flowering) were exposed (Table 3). The advantages of0.08). Thus, differences among genotypes in escape from
early flowering in 1998-1999 were especially marked instress, which result in differences in grain number or
the first 15 d of grain filling when leaf senescence begins:grain growth under grain filling stress, and, conse-
Cluster 1 genotypes were exposed to a cumulative evap-quently, in the amount of nitrogen translocated from
orative demand of 79 mm, compared with 103 mm forthe leaves, affect leaf senescence in unanticipated ways.
Cluster 2 genotypes (Table 3). In the less stressed year,Clearly, comparisons of leaf senescence among geno-
the differences in cumulative evaporative demand be-types with different flowering times, especially under
tween Cluster 1 and Cluster 2 genotypes were lesssevere stress, must be made with care.
marked in both the preflowering period (353 mm forIn contrast, in 1999-2000, under a somewhat milder
Cluster 1 vs. 399 mm for Cluster 2) and the grain-fillingstress, there was no effect of time to flowering on %
period (255 mm for Cluster 1 vs. 297 mm for Cluster 2;GLA at 15 DAF (r � 0.04), 30 DAF (r � 0.03), or at
Table 3). Thus, the differences between Cluster 1 and45 DAF (r � 0.03), or on grain yield (r � �0. 11, P �
Cluster 2 in 1998-1999 are likely to be largely a conse-0.35), despite the time-to-flowering range of 25 d among
quence of drought escape. In 1999-2000, where earlythe 72 genotypes. Consequently, there were no signifi-
flowering conferred less of an advantage, the senescencecant correlations between % GLA at any of the times
patterns of the two clusters were similar (Fig. 4). There-of measurement and grain yield.
fore, Cluster 2 genotypes are likely to have the same
level of per se nonsenescence, as do Cluster 1 genotypes,Grouping of Genotypes on the Basis
despite being grouped into different clusters on the basisof Stay-Green Trait
of observed % GLA.

To classify the 72 genotypes by type and level of Cluster 3, 4, and 5 genotypes had similar mean time
expression of stay green across the two years, clustering to flowering in both years (78–81 d in 1998-1999 and
was done on the basis of six variables: % GLA at 15, 72–75 d in 1999-2000); therefore, comparisons among
30, and 45 d after flowering in each of the years. This these clusters are not affected by differences in drought
method allows for differences in response to the two escape. Cluster 3 genotypes were similar to Cluster 4
years (i.e., genotype � year interactions) in both the genotypes in 1998-1999 (the more severely stressed
time of onset and rate of senescence. The clustering year), and similar to Clusters 1 and 2 genotypes in 1999-
procedure was truncated at five groups that retained 2000 (the less severely stressed year; Fig. 4). The geno-
74% of the original variation in these traits (Fig. 3). types in Cluster 3 appear to have a moderate level of

stay green, which was expressed under moderate stressCluster 1 and Cluster 2 represented the stay-green geno-
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Fig. 3. Dendrogram of 72 stay-green sources, based on percentage green leaf area at 15, 30, and 45 d after flowering in both 1998-1999 and
1999-2000. Clustering was truncated at five clusters, which retained 74% of the initial variation in percent green leaf area. See Table 2 for
pedigree information.

conditions. Their greater degree of senescence in the is, however, possible at least to understand qualitatively
the effects of different times of onset of senescence andmore severely stressed year of 1998-1999, despite the

fact that they flowered earlier than the Cluster 2 geno- rates of senescence (because of environmental differ-
ences or drought escape) and to identify nonsenescenttypes, however, indicates that they are less useful as

sources of the trait than genotypes in Cluster 1 or Clus- genotypes across different patterns of stress develop-
ment. It is also evident that genotypes with intermediateter 2. They may be useful as parents for general breeding

purposes in moderate stress environments, however. levels of nonsenescence (such as those in Cluster 3) will
be classified as more or less senescent, depending uponCluster 4 and 5 genotypes were similar in their pattern

of senescence although Cluster 4 genotypes maintained the pattern of stress development. This is also consistent
with the hypothesis that there are more than one mecha-a higher % GLA throughout the grain-filling period, es-

pecially under the more severe stress in 1998-1999 (Fig. 4). nism by which leaves stay green (Thomas and Howarth,
2000) which are likely controlled by different genes that,The pattern of senescence in individual genotypes is

influenced by both the time of onset and the rate of in turn, are triggered by the specific pattern of stress
development (Dunwell, 2000).development of stress in an individual environment. It
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Table 3. Cumulative evaporative demand for pre- and post-flow-
ering stages for Clusters 1, 2, and 3 (see Table 2). Data are from
replicated field evaluations of 72 stay-green sources during the
post-rainy seasons of 1998–1999 and 1999–2000 at ICRISAT,
Patancheru, India.

Cumulative pan evaporation (mm)

Year and growth period Cluster 1 Cluster 2 Cluster 3

1998–1999
Pre-flowering 301 417 332
Flowering to 15 DAF 79 103 91
16 DAF to 30 DAF 98 118 103
31 DAF to 45 DAF 111 121 119
Flowering to 45 DAF 288 342 313

1999–2000
Pre-flowering 354 399 358
Flowering to 15 DAF 73 86 74
16 DAF to 30 DAF 89 92 89
31 DAF to 45 DAF 93 99 95
Flowering to 45 DAF 255 297 258

more severe stress in 1998-1999, although it was nonse-
nescent when the stress development was more gradual
in 1999-2000 (Table 1). The Cluster 2 line E36 � R
16 8/1 is a deliberate stay-green selection from a cross
between stay green and senescent (R 16) parents, so
E36-1 would appear to transmit the trait to its progeny

Fig. 4. Mean percentage green leaf area at 15, 30, and 45 d after with adequate selection. The two senescent checks R16,
flowering of the five stay-green clusters in 1998-1999 (A) and 1999- and SPV 783 (Van Oosterom et al., 1996), appear in
2000 (B). See Table 2 for details of the cluster composition and Cluster 5, as expected.cluster means.

A small quantity of seed of these genotypes is avail-
able on request from the ICRISAT Genebank Curator.Stay-Green Sources
The seed request forms and other details are avail-

Cluster 1 genotypes included the two most widely able on line at http://www.icrisat.org/text/research/grep/
used stay-green sources—B 35 and KS 19 (in the form homepage/grephomepage/mta.htm (verified November
of QL 10 and QL 27), which combined both stress escape 12, 2001).
and stay green (primarily by delayed onset of stress) in
the post-rainy season in India (Table 1). Their drought ACKNOWLEDGMENTS
escape is likely to be an artifact of the short daylength
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type, IS 22380, is a landrace from Sudan that was classi-
fied as stay green (Van Oosterom et al., 1996). It also REFERENCES
benefitted from early flowering caused by the short Borrell, A.K., F.R. Bidinger, and K. Sunitha. 1999. Stay-green associ-
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