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Abstract Reduced leaf senescence (stay-green) has
been demonstrated to improve tolerance of post-Xow-
ering moisture stress in grain sorghum. A number of
quantitative trait loci (QTLs) associated with stay-
green have been identiWed in sorghum, to facilitate
transfer of this trait into adapted genetic backgrounds.
This study reports initial evaluations, in both well
watered and post-Xowering stress environments, fol-
lowing partial introgression (BC2F3/BC1F4 genera-
tions) of four stable stay-green QTLs (StgB, Stg1,
Stg3 and Stg4) from donor parent B35 to senescent
variety R 16. The majority of the introgression lines
had higher leaf chlorophyll levels at Xowering (a dis-
tinctive trait of the donor parent) and a greater per-
centage green leaf area during the latter part of grain
Wlling, than did R 16, indicating that the stay-green
QTLs were expressed phenotypically in the R 16
background. None of the QTL introgression lines
achieved the same level of stay-green as B35, however.

Maintenance of a greater relative green leaf area
during the latter half of grain Wlling was related to a
greater relative grain yield in two of three post-Xow-
ering moisture deWcit environments in which the
materials were evaluated (r2 = 0.34 in 2004–2005 and
r2 = 0.76 in 2005–2006), as was a direct measure of
leaf chlorophyll in one of the post-Xowering stress
environments in which this was measured (r2 = 0.42,
P < 0.05). Thus the study provided useful evidence
that the marker-assisted backcross transfer of stay-
green QTLs from B35 into an adapted, but senescent
background has the potential to enhance tolerance of
post-Xowering drought stress in sorghum.
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Abbreviations
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% GLA Percent green leaf area
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the Wfth
most important cereal crop globally after wheat,
maize, rice and barley (FAO 2006). Sorghum is
unique among the major cereals in that its grain is the
staple food grain of the world’s poorest and most
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food-insecure people, located primarily in the semi-
arid tropics. World sorghum grain production was
about 57 million metric tons and the total area under
sorghum was 42.7 million hectares during 2004–
2005, of which »90% was in developing countries,
most of this in the semi-arid areas of Africa and Asia
(FAO 2006). In peninsular India, 5.5 million hectares
of sorghum are grown following the rainy season, on
residual moisture, in a unique production environ-
ment that produces high quality grain and stover, but
is characterized by increasing moisture stress as the
season progresses.

Improving the drought tolerance of sorghum is one
of the most important objectives of plant breeders
focusing on this crop, to minimize the yield losses
resulting from moisture stress, which is a regular
feature of most sorghum growing environments. The
most damaging drought stress is that which occurs
during the post-Xowering stage of crop growth
(referred to as “terminal drought”). Genotypes sensi-
tive to this type of drought are characterized by pre-
mature leaf and plant senescence; stalk collapse and
lodging, charcoal rot and reduced grain number and
size. In sorghum, the best characterized form of
drought tolerance during this stage of crop growth is
the so called non-senescence or “stay-green” trait,
which is the ability to resist premature plant senes-
cence (retain green leaf area), resist lodging and Wll
grain normally (Rosenow et al. 1983). When water is
limited during the grain-Wlling period, sorghum geno-
types possessing this trait maintain photosynthetically
active leaf area better than genotypes that do not pos-
sess this trait (Rosenow et al. 1983; McBee 1984;
Borrell et al. 2000a, b). Further, along with plant
height and Xowering time, variation in the stay-green
trait is predictive of hybrid grain yield performance in
drought-prone Australian sorghum production envi-
ronments (Jordan et al. 2003).

Stay-green has been proposed to be a consequence
of the balance between nitrogen (N) demand by the
grain and N supply from translocation from the vege-
tative parts of the plant and uptake by the roots during
grain Wlling (Borrell et al. 2000b). It is likely that the
senescence of the leaves is triggered by an increased
demand for N from the panicle, as the longevity of a
leaf is intimately related to its N status (Thomas and
Rogers 1990). During leaf senescence, amino acids
cease to be synthesized, existing protein is degraded
and not replaced, and the resultant amino acids are

translocated out of the leaf. A considerable proportion
of leaf protein is bound in pigment-protein complexes
of the photosynthetic apparatus, resulting in the char-
acteristic yellowing of the leaves as these chloro-
phyll-protein complexes are broken down.

A delayed remobilization of N from the leaves or
remobilization of N from leaves having a larger pool
of N (both associated with stay-green) would main-
tain photosynthetic capacity for longer, and therefore
carbohydrate supply to the developing grain. Delayed
leaf senescence in sorghum has been linked to higher
grain yields, particularly in environments in which
available water during grain Wlling is not adequate to
support potential transpiration (Borrell et al. 1999,
2000a, b). Borrell et al. (2000b) also reported that
stay-green sorghum hybrids produced 47% more
post-anthesis biomass than their counterparts under
terminal moisture deWcit conditions.

Results from breeding programs in the USA
(Rosenow et al. 1983) suggest that crop improvement
under water-limited conditions are more eVective, if
drought tolerance traits such as stay-green are selected
for in addition to grain yield. However, phenotypic
selection for stay-green is not simple as the trait is
complex (van Oosterom et al. 1996) and its expression is
aVected both by the degree of stress during grain
Wlling and by the sink size (nitrogen demand) of the
panicle. The trait is likely to be more easily manipulated
using a marker-assisted breeding approach, using as
selection criteria speciWc alleles at molecular loci
linked to genomic regions contributing to the stay-green
trait (i.e., quantitative trait loci = QTLs), identiWed
in carefully managed, replicated, multi-environment
tests. The work of diVerent groups has led to a better
understanding of the inheritance of stay-green (Walulu
et al. 1994; van Oosterom et al. 1996; Tuinstra et al.
1997), to the mapping of QTLs associated with post-
Xowering drought tolerance in sorghum (Tuinstra
et al. 1996, 1998; Crasta et al. 1999; Tao et al. 2000;
Xu et al. 2000b; Subudhi et al. 2000; Kebede et al.
2001; Sanchez et al. 2002; Haussmann et al. 2002)
and identiWcation of markers linked to these QTLs
(Hash et al. 2003; Harris et al. 2007).

The ability to manipulate complex traits such as
drought tolerance via MABC (marker-assisted back-
crossing) makes it much easier to introduce such a
new trait into a breeding program. MABC increases
eYciency in introgression programs by permitting
simultaneous foreground selection for introgression
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of an exotic allele with potential to improve perfor-
mance for a trait of interest and background selection
for the desired recurrent parent genotype in other
genomic regions. While considerable work has been
done on the identiWcation of stay-green genotypes,
mapping of QTLs associated with the trait and identi-
Wcation of molecular makers linked to these QTLs
(references above); there are few reports on the actual
transfer of these QTLs into elite cultivars and the
assessment of the expression and consequences of the
stay-green trait in diVerent backgrounds.

The International Crops Research Institute for
the Semi-Arid Tropics (ICRISAT) has initiated a
large-scale marker-assisted backcrossing program
for the stay-green component of terminal drought
tolerance in sorghum. As a part of this program, the
present study was conducted to evaluate the initial
introgression lines in terms of stay-green expres-
sion (maintenance of green leaf area and chloro-
phyll content) and its consequences for grain Wlling
and grain yield, under post-Xowering drought stress
conditions.

Materials and methods

The parental lines used for this backcross program
were B35 (donor parent) and R 16 (recurrent parent).
B35 is a BC1 derivative of landrace germplasm acces-
sion IS 12555, which is a durra sorghum from Ethio-
pia (Rosenow et al. 1983). It is the best characterized
source of stay-green for terminal drought tolerance in
sorghum (Rosenow et al. 1983), and appears to have
Type A stay-green—delayed onset of leaf senescence
(Thomas and Smart 1993; Thomas and Howarth
2000). B35 is extremely dwarf (three dwarWng
genes), has non-tan plant color, and produces awned
semi-open panicles having grains with a yellow peri-
carp and thick mesocarp. It has a low grain yield
under the conditions of this experiment, due to its
short plant height, small panicle size, and low grain
number. A number of stay-green QTLs have been
identiWed by diVerent research groups based on RIL
populations derived from crosses involving this line
or its derivatives (Tuinstra et al. 1996; Crasta et al.
1999; Xu et al. 2000b; Subudhi et al. 2000; Sanchez
et al. 2002). The recurrent parent, R 16, is a released,
high yielding but very senescent, post-rainy (rabi)
season variety.

Four QTLs (StgB, Stg1, Stg3 and Stg4) associated
with the stay-green trait and located on three linkage
groups were selected as the targets for marker-
assisted backcrossing (MABC). The donor parent was
crossed to the recurrent parent and the resulting F1

plants were backcrossed to the recurrent parent to
generate the BC1F1 population. Some of the BC1F1

plants were selfed and others were backcrossed to the
recurrent parent to generate BC1F2 and BC2F1 seeds,
respectively. The BC1F2 and BC2F1 plants grown
from these seeds were selfed and the resulting BC1F3

and BC2F2 plants were screened for donor alleles at
marker loci Xanking the QTL regions and recurrent
parent alleles in non-QTL regions. Based on the geno-
typic data, plants homozygous for the donor alleles in
one or more of the stay-green QTLs regions and for
recurrent parent alleles in the non QTLs regions were
selected and selfed to produce BC1F4 and BC2F3

progenies. Nine such QTL introgression lines were
evaluated in this experiment: three BC2F3 progenies
(RSG 04001, RSG 04002 and RSG 04003) with a sin-
gle QTL (StgB) and six BC1F4 progenies (RSG
04004, RSG 04005, RSG 04007, RSG 04009, RSG
04011 and RSG 04014) with multiple QTLs (two or
more of StgB, Stg1, Stg3 and Stg4).

These nine stay-green QTL introgression lines
(plus the parents and various checks) were evaluated
during the 2004–2005 and 2005–2006 post-rainy sea-
sons at the ICRISAT research station at Patancheru,
India. The evaluations were done in the post-rainy
sorghum cropping season (October to February), in
which crops growing largely on stored soil moisture
predictably experience moderate but prolonged termi-
nal drought stress during grain Wlling. This is an ideal
environment for evaluating the stay-green trait
(Mahalakshmi and Bidinger 2002). The Weld used for
the experiment—a shallow (75 cm) Vertic Inceptisol,
overlying porous gravelly subsoil—does not contain
enough water for an approximately 120-day crop to
reach maturity. The evaluations included a supple-
mentally-irrigated environment and one (2004–2005)
or two (2005–2006) “dryland” environments that
were managed (below) to exhaust readily available
soil moisture at diVerent times. Trial entries in all
environments were sown into a full soil proWle and
given irrigation at 25–30 days after emergence to
rewet the proWle and assure secondary root penetra-
tion. This was done by furrow in 2004–2005 (to reWll
the soil proWle) and by sprinkler in 2005–2006 (to
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simply wet the upper part of the proWle). The 2004–
2005 dryland environment and the 2005–2006 early-
onset stress dryland environment received no further
irrigation; the 2005–2006 late-onset stress environ-
ment received another light sprinkler irrigation of
25 mm at 54 days after emergence. The supplementa-
lly-irrigated environments received furrow irriga-
tions at Xowering and mid grain-Wlling stages, to
provide suYcient water to allow the crop to complete
grain Wlling without experiencing serious drought
stress. The dryland environments completed grain Wll-
ing on whatever moisture was stored in the soil at
Xowering. During the 2004–2005 experiment there
was 50 mm of rainfall in late January, but the crop
was nearing maturity and it had little eVect on leaf
senescence; there was no appreciable rainfall during
the course of the 2005–2006 experiment. The crop
was well fertilized in 2004–2005 (90 kg N and 42 kg
P2O5 ha¡1) and moderately fertilized (60 kg N and
17 kg P2O5 ha¡1) in 2005–2006. Shoot Xy (weekly
sprays of cypermethryn for the Wrst 4 weeks after
emergence) and stem borer (whorl application of
carbofuran at 4 weeks after emergence) were con-
trolled chemically; leaf rust was controlled by weekly
Dithane M 45 sprays in 2004–2005, but was not a
problem in 2005–2006.

Plots for the trials were 4 rows £ 9 m (2004–2005)
or £ 4 m (2005–2006) in a 4 (blocks per rep) £ 5
(entries per block) alpha design with 4 replications in
each moisture environment. An area of the two center
rows £ 3 m was reserved in each year for a Wnal crop
harvest (grain and stover yields and yield compo-
nents). Three plants per plot were tagged at Xowering
and the areas of leaves 1–6 (where leaf 1 = the Xag
leaf) were estimated from leaf length and width mea-
surements, based on an experimentally determined
ratio of leaf area to leaf length £ width for each geno-
type. The percent green leaf area (% GLA) of each
leaf of each of the tagged plants was estimated visu-
ally on a weekly basis from Xowering to harvest.
Weekly weighted (by leaf size) average GLA per
plant was calculated and averaged Wrst on a plot basis
and then on a genotype basis. Logistic curves were Wt
to the genotype £ date % GLA means using the logis-
tic curve Wtting routine of Genstat (version 9), and the
Wtted curves were used to compare genotype senes-
cence patterns and to predict GLA at key times during
the grain-Wlling period (Mahalakshmi and Bidinger
2002).

Chlorophyll content (SPAD value) of the leaves
was measured in the early stress environment of the
2005–2006 trial using a Minolta Chlorophyll Meter,
SPAD-502 (Minolta Camera Co. Ltd.) as described by
Dwyer et al. (1991). The SPAD values were taken at
the middle of the leaf lamina of the second and fourth
leaves from the top from three plants per plot (same
plants that were used for visual scoring), averaged on a
plot basis for each leaf. SPAD values provide an
indication of the relative amount of total chlorophyll
present in plant leaves, based on the amount of light
transmitted by the leaf (area 2 £ 3 mm) in two wave-
length regions in which the absorption of chlorophyll
is diVerent. Higher SPAD values represent higher total
chlorophyll contents and the arbitrary SPAD values
can be translated to the actual value of total chloro-
phyll per unit area (mg cm¡2) using the equation;
chlorophyll content = SPAD value £ 0.003 ¡ 0.048
(Xu et al. 2000a).

Genotype diVerences in % GLA at three times dur-
ing the grain-Wlling period were analyzed by dividing
the Wve trials into supplementally-irrigated control
and post-Xowering stress environments (with individ-
ual trials nested within environment), and using the
genotype £ trial (within environment) mean square
as an error term to test the environment, trial (within
environment), genotype and genotype £ environment
mean squares in a conventional analysis of variance
(Genstat ver. 9). As the interaction of genotype and
moisture environment was not signiWcant, genotype
data for % GLA were reported as the means across
environments. Genotype diVerences in SPAD reading
were analyzed by ReML analysis, with genotype, leaf
number and date of reading (as days after Xowering)
as Wxed eVects and replication and block within repli-
cation as random factors (Genstat ver. 9). Genotype
means were reported across leaves (although
genotype £ leaf number interactions were signiW-
cant), for all dates of reading.

Results and discussion

Leaf senescence patterns

Leaf senescence patterns (weighted % GLA versus
days after Xowering) followed the typical logistic
curve pattern of an initial plateau value following
Xowering, a prolonged period of senescence during
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grain Wlling, and a Wnal plateau at maturity, as typiWed
by the recurrent parent R 16 (Fig. 1a, b). However,
the speciWc characteristics of the general pattern (time
of onset of the decline in % GLA and the rate of
decline) were aVected by both the moisture environ-
ment during grain Wlling and by genotype. In the non-
stressed environment, genotypic diVerences in the
time of onset of senescence were very marked, from
15 days after Xowering in the senescent parent R 16,
until about 40 days in the stay-green parent B35
(Fig. 1a). The majority of QTL introgression lines
were intermediate between their parents, with loss of
% GLA beginning about 25 days after Xowering (e.g.
RSG 04001 and 04003, Fig. 1a). There were no evi-
dent diVerences in the rate of decline in % GLA
among genotypes in the absence of stress, with the
result that the Wnal % GLA at maturity was mainly a
function of the time of onset of stress. The % GLA at
maturity of most of QTL introgression lines was thus
intermediate between the donor and recurrent parents.

In contrast, in the post-Xowering drought stress
environments the decline in % GLA began about
15 days after Xowering in all genotypes, but the rates
of decrease varied among genotypes (Fig. 1b). B35
had the slowest rate of decrease, and thus reached
maturity with a substantial percent green leaf area
(about 40%). R 16 had the greatest rate of leaf senes-
cence under stress and consequently reached zero %
GLA well before crop maturity. Most of the QTL
introgression lines were again intermediate, but still
had eVectively no green leaf left at maturity. From
these comparisons, it appears that post-Xowering
moisture stress overrides the normal (in the absence
of stress) diVerences in time of onset of stress
between a stay-green and a senescent line, but that the
stay-green trait still results in a reduced rate of senes-
cence, and a consequent greater % GLA during the
critical late stages of grain Wlling when Wnal grain size
is determined. Van Oosterom et al. (1996) concluded
that the inheritance of onset of senescence was addi-
tive whereas the inheritance of the rate of senescence
was completely dominant for the slow rate over a fast
rate. If it can be assumed that the presence of a partial
complement of the total B35 set of stay-green QTLs
in the introgression lines is analogous to a genetically
heterozygous condition for the full complement of
B35 genes contributing to this trait, the conclusions of
van Oosterom et al. (1996) describe our Wndings on
the diVerences in onset of leaf senescence in the
absence of stress in this data set (Fig. 1a), but not the
diVerences in rates of senescence under stress
(Fig. 1b). Green leaf area duration, being the sum of
an additively and a dominantly inherited trait, dis-
played partial dominance for a long green leaf area
duration in the data of van Oosterom et al. (1996).
Walulu et al. (1994) also suggested that a major gene
in B35 inXuencing leaf area duration exhibits varied
levels of dominant gene action, depending on the
evaluation environment. We did not calculate leaf
area duration in this study, but an inspection of the %
GLA curves in Fig. 1 suggests greater expression of
the stay-green trait in the supplementally-irrigated
control environment than in the more severe post-
Xowering stress environments.

If leaf senescence is driven by a demand for nitro-
gen from the developing grain (as discussed in the
introduction) then the senescence patterns of B35
under the two moisture environments suggest that it
may continue to take up soil nitrogen after Xowering

Fig. 1 Leaf senescence patterns for R 16, B35, RSG 04001 and
RSG 04003 in a the supplementally-irrigated control environ-
ment, 2004–2005 and b the late-onset stress dryland environ-
ment, 2005–2006
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as long as soil water is plentiful, and thus delay senes-
cence until well into grain Wlling; but that when soil
water supplies are limited, soil N uptake is reduced
and it begins breaking down chlorophyll and translo-
cating N from its leaves much earlier during grain Wll-
ing. However, its slower rate of leaf senescence
(compared to that of R 16) even when soil water
supply is limited suggests that it either still accesses
some soil N or that it has a greater N pool in the vege-
tative parts of the plant to draw on, reducing the
demand from the leaves and delaying senescence.
There are reports in the literature of both eVects in
stay-green hybrids. For example, Rajcan and Tollenaar
(1999) found that the stay-green maize hybrid Pioneer
3902 accumulated 60% of total plant N after silking,
compared to only 40% in the case of senescent hybrid
Pride 5. Borrell and Hammer (2000) reported that
stay-green sorghum hybrids had a higher percentage
of total plant N in their leaves compared with their
senescent counterparts, from as early as 27 days after
emergence. This resulted in a higher speciWc leaf N in
stay-green genotypes at anthesis, mid grain Wlling and
maturity, which they associated with the reduced rates
of leaf senescence.

The analysis of variance of the % GLA for the full
data set indicated signiWcant eVects of moisture envi-
ronment, trial within environment and genotype, but
(apart from the crop maturity stage) no signiWcant
genotype £ environment eVects (Table 1), which is
consistent with the examples in Fig. 1. DiVerences
between grain-Wlling moisture environments, based on
predicted % GLA values from the Wtted logistic equa-
tions, were very clear as % GLA at mid grain Wlling
was approximately 82% in the supplementally-irrigated

control environment versus 47% in the stress environ-
ment and 26% at physiological maturity in the control
environment versus 3% in the stress environment
(Table 2). Similarly, there were large diVerences
between the stay-green donor and recurrent parents
(Table 2). B35 had an average of 82% GLA at mid
grain Wlling (95% GLA in the control and 75% in the
stress), and an average 46% GLA at physiological
maturity (70% GLA in the control and 23% GLA in
the stress, data not presented). R 16, in contrast had
only an average of 45% GLA at mid grain Wlling
(68% in the control and 30% in the stress) and only
3% GLA at physiological maturity (4% in the control
and 0% GLA in the stress).

The stay-green QTL introgression lines were on
average generally intermediate between the parents,
maintaining an average (across moisture environ-
ments) of 60% GLA at mid grain Wlling (range of 50–
73%) and 10% GLA at maturity (range of 2–20%,
Table 2). In the individual moisture treatments, the
QTL introgression lines at mid grain Wlling had

Table 1 Mean squares for genotype, moisture environment and
genotype £ moisture environment eVects on percent green leaf
area at mid grain Wlling, 2/3 grain Wlling and physiological
maturity for stay-green introgression lines from supplementally-
irrigated and post-Xowering stress dryland environments

*** P < 0.001; ** P < 0.01

Source of 
variation

df Percent green leaf area

Mid grain 
Wlling

2/3 grain 
Wlling

Maturity

Environment 1 16,408*** 26,874*** 6,718***

Trial (environ) 3 525*** 1,326*** 33

Genotype 10 596*** 843** 743***

Geno £ environ 10 46 130 250***

Table 2 Percent green leaf area at mid grain Wlling, 2/3 grain
Wlling and physiological maturity by moisture environment and
R 16 stay-green QTL introgression line

a RSG > R 16 is the number of QTL introgression lines that are
signiWcantly (P < 0.05) greater than R 16

Mid grain 
Wlling

2/3 grain 
Wlling

Physiological 
maturity

Environments

Irrigated control 82.0 60.7 25.9

Post-Xowering stress 46.7 15.6 3.3

S.e.d. 2.31 2.21 2.17

Genotypes

B35 82.0 65.0 45.8

R 16 45.2 17.0 2.8

RSG 04001 67.4 40.6 7.8

RSG 04002 65.6 34.8 10.2

RSG 04003 72.8 43.8 19.2

RSG 04004 54.8 26.8 9.0

RSG 04005 55.8 33.0 7.6

RSG 04007 55.4 26.2 7.6

RSG 04009 56.2 24.8 2.4

RSG 04011 50.0 24.0 6.8

RSG 04013 63.6 34.2 16.4

S.e.d. 5.31 5.07 4.98

RSG > R 16a 6 5 2
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70–94% GLA versus 68% GLA in R 16 in the control
environment and between 36 and 59% GLA in the
stress environment versus 30% GLA for R 16 (data
not presented). Similar Wgures for physiological
maturity in the control for the introgression lines were
5–48% GLA versus 4% GLA for R 16, and 0–3%
GLA in the stress environment versus 0% GLA for R
16. On average, six of the nine QTL introgression
lines had a signiWcantly (P < 0.05) higher % GLA
than R 16 at mid grain Wlling, Wve of the nine at 2/3
grain Wlling and two of the nine at maturity (Table 2).
The best of the introgression lines for the Wrst two-
thirds of grain Wlling were RSG 04001 and RSG
04003, with >40% mean GLA at 2/3 grain Wlling, and
the best during the last third of grain Wlling were RSG
04002, RSG 04003 and RSG 04013, with 10–20%
mean GLA at maturity (Table 2).

The Wnding that most of the R 16 derivatives were
more stay-green than R 16 during the Wrst two-thirds
of grain Wlling, indicates that the transfer of one or
more putative stay-green QTLs into R 16 did reduce
leaf senescence in most of the backcross derivatives.
So it appears that the introgressed stay-green QTLs
were well expressed phenotypically. Ultimately, it
would be useful to assess the contribution of individ-
ual QTLs transferred from B35 to R 16. While most of
the derived lines, which were expected to have only
one to three stay-green QTLs, were less senescent than R
16, none approached the degree of non-senescence
of B35. The higher degree of stay-green in B35 could
be a result of either an additive eVect of multiple
QTLs, a direct eVect of speciWc QTLs, or a result of
complex interactions between favorable alleles at
these QTLs, eVects that were not replicated in any of
the individual derivatives. Sanchez et al. (2002),
reporting the phenotypic contribution of QTLs to the
expression of stay-green, indicated that each QTL had
a diVerent level of contribution to the expression of
the trait, and that the combined eVects of the QTLs
enhanced stay-green expression although they were
not fully additive. They reported that Stg1, Stg2, Stg3,
and Stg4 individually explained 17.1, 24.5, 10.7, and
11.1% of the phenotypic variance of the stay-green
expression, respectively, whereas the four QTLs
together explained 42.5% of the phenotypic variance,
and but did not consider the StgB QTL that expressed
well in single-QTL introgression lines RSG 04001,
RSG 04002, and RSG 04003 in the present study. This
suggests that it may be necessary to pyramid a number

of QTLs in the background of a highly senescent line
such as R 16, in order to achieve the level of expres-
sion of non-senescence present in B35. However, the
expression of a stay-green QTL in a diVerent (R 16)
genetic background may not be the same as in B35
background, either because of diVerent kinds of gene
interactions or because of a greater sink demand for N
in the higher yielding background. This latter eVect
would mean that it would be very diYcult to achieve
the characteristically late-onset and/or slow rate of
leaf senescence of B35 (with its relatively small sink
size) in a background with a greater sink size.

Finally, the lack of a genotype £ moisture interac-
tion for % GLA suggests that the QTLs involved are
expressing as a constitutive trait and not a response to
stress, at least in a highly senescent genetic back-
ground in the post-rainy season, stored soil moisture
environment used in these evaluations. As such, it is
likely to be simpler to manage in a breeding program,
as speciWc moisture environments may not be
required to assess the expression of the trait. In fact,
in this example, the expression of the trait was easiest
to assess in the supplementally-irrigated post-rainy
season environment (Fig. 1a).

Leaf chlorophyll content

In order to determine if the introgression of the B35
stay-green QTL into the R 16 background also
aVected chlorophyll concentration, we made regular
SPAD measurements on leaves two and four of the
introgression lines in the 2005–2006 early-onset
stress environment, from Xowering to about 35 days
after Xowering, when values in R 16 declined to near
zero under the severe stress of this trial.

The changes in % GLA and SPAD reading of leaf
two over the Wrst 30 days of grain Wlling were very
similar, in terms of both the onset and rate of decline
of both parameters (Fig. 2a, b). The apparent earlier
decline in % GLA compared to that of the SPAD
reading is likely an artifact of the way in which the
measurements were made. The visual estimate of %
GLA includes the whole leaf, including the leaf tip
and margins where senescence usually begins,
whereas the SPAD readings were taken in several
positions in the center of the leaf. The most noticeable
diVerence between the two measurements was the
diVerences among genotypes both before and after the
onset of senescence in the case of the SPAD readings,
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where diVerences were only evident after the onset of
senescence in the case of % GLA. Not only did the
onset of the decline in the SPAD readings begin later
in B35 compared to R 16, but the B35 values were
»25% greater than those of R 16 before the onset of
the decline. The SPAD data for two QTL introgres-
sion lines presented in Fig. 2 indicate that they fell
between their recurrent and donor parents in terms of
leaf chlorophyll, both before and after the onset of
leaf senescence, indicating that the B35 alleles they
contain also aVected leaf chlorophyll content.

The analysis of the full SPAD data set conWrmed
the chlorophyll content was aVected by genotype as
well as leaf number and date of observation, and all
interactions of these factors (Table 3). Date and leaf
number eVects (and their interaction) reXect progres-
sive senescence with time after Xowering, which
begins earlier in the lower leaves. The genotype and

genotype £ leaf interactions reXect inherent diVer-
ences in SPAD readings before the onset of senes-
cence plus the diVerential rates of senescence seen in
Fig. 3. B35 and R 16 were signiWcantly diVerent over
the whole course of the measurements and the major-
ity of the QTL introgression lines had signiWcantly
higher SPAD readings over the Wrst 20 days of grain
Wlling (Table 4). For example, the mean SPAD read-
ing 5 days after Xowering of the introgression lines
was 46 whereas the donor parent (B35) and the recur-
rent parent (R 16) had readings of 51 and 32, respec-
tively (Table 4). At this stage, all nine introgression
lines had signiWcantly higher readings than R 16 and
all but three were statistically equal to B35 (Table 4).
By about 29 days after Xowering, when the senes-
cence was more advanced in the introgression lines,
three of the nine were still signiWcantly superior to
R 16, although all by this time had SPAD readings
that were less than that of B35. Clearly the introgres-
sion of the B35 alleles at one or more of stay-green
QTL increased the chlorophyll content of the result-
ing lines, to levels above those of R 16, especially
before leaf senescence became a confounding factor,
but as in the case of leaf senescence itself, not to the
level of the donor parent. Similar results were
reported by Xu et al. (2000a), where B35 showed a
much higher chlorophyll content (40.1%) than that of
the senescent parent Tx7000 (16.2%) at physiological
maturity. However, in that case the RIL population
progenies exhibited transgressive segregation with
chlorophyll values ranging from 9.5 to 59.3%.

In our study, chlorophyll content and % GLA
(visual scoring), based on the data from the second

Fig. 2 Comparison of changes in a percent green leaf area and
b SPAD readings for leaf two of R 16, B35, RSG 04001, and
RSG 04003 in the early-onset stress dryland environment,
2005–2006
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Table 3 Wald statistics for the eVects of genotype, date of
observation, leaf number and their interactions on SPAD read-
ings for leaves two and four (from the panicle) for stay-green
introgression lines from the 2005–2006 early-onset stress dry-
land environment

Source of 
variation

Wald 
statistic

df Wald/df Chi square 
probability

Genotype 282.26 10 28.23 <0.001

Date 1,972.39 4 493.10 <0.001

Leaf 143.87 1 143.87 <0.001

Genotype £ date 74.84 40 1.87 <0.001

Genotype £ leaf 26.55 10 2.66 0.003

Date £ leaf 145.87 4 36.47 <0.001

Geno £ date £ leaf 66.76 40 1.67 0.005
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leaf at 30 days after Xowering (when leaf senescence
had begun) showed very high correlation (r2 = 0.93,
P · 0.001) in the early-onset stress environment, sug-
gesting a strong relationship between leaf chlorophyll
content and green leaf area. Xu et al. (2000a) also
reported a signiWcant correlation (r2 = 0.82, P ·
0.001) between stay-green rating and chlorophyll
content (SPAD reading). They also reported that the
QTLs detected for chlorophyll content and stay-green
were overlapping.

Borrell and Hammer (2000) reported strong associ-
ation between leaf nitrogen content (LNC) at anthesis
and grain yield under drought stress. They also sug-
gested that this strong association could be used to
screen genotypes for drought tolerance in sorghum
breeding programs by measuring LNC at anthesis.
Chapman and Barreto (1997) have shown that SPAD

chlorophyll meter can be used to estimate LNC in
maize. Studies in sorghum have also shown good cor-
relations between SPAD and speciWc leaf nitrogen
(Borrell and Hammer 2000). In addition, the chloro-
phyll meter could be used to rate stay-green in breed-
ing lines during the latter half of the grain-Wlling
period (Borrell et al. 1999).

Relationships of leaf senescence and yield

Delayed leaf senescence (stay-green) in sorghum has
been associated with improved grain yield, particu-
larly in environments in which available water during
grain Wlling is not adequate to support potential tran-
spiration (Borrell et al. 2000b). The assumption
behind the introgression of the stay-green trait into a
senescent line like R 16 is that this will have a posi-
tive eVect on grain yield under conditions of moisture
stress during grain Wlling by delaying leaf senescence
and increasing carbon availability for grain Wlling,
and therefore improving grain size and grain yield.

In the present study, there were signiWcant correla-
tions of relative (dryland environment as a fraction of
the supplementally-irrigated environment) % GLA at

Fig. 3 Relationship between relative (dryland/supplementally
irrigated) stay-green expression (% GLA) at 2/3 grain Wlling to
relative grain yield among R 16 and its backcross derivatives.
Figures are for a the 2004–2005 dryland environment and b the
2005–2006 late-onset stress dryland environment
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Table 4 SPAD reading (chlorophyll content) for leaves two
and four (from the panicle) for the parents and the R 16 stay-
green introgression lines during grain Wlling in the early-onset
post-Xowering stress environment during 2005–2006

a RSG > R 16 is the number of QTL introgression lines that are
signiWcantly (P < 0.05) greater than R 16

Genotype Time from Xowering

5 days 15 days 22 days 29 days 36 days

B35 51 50 46 39 22

R 16 32 30 23 14 4

RSG 04001 43 39 36 28 12

RSG 04002 47 34 29 18 5

RSG 04003 47 37 31 17 5

RSG 04004 52 49 43 30 13

RSG 04005 43 39 27 17 7

RSG 04007 40 34 29 14 6

RSG 04009 51 44 38 22 6

RSG 04011 46 38 31 15 2

RSG 04013 46 37 30 16 6

S.e.d. 3.3 3.3 3.3 3.3 3.3

RSG > R 16a 9 7 6 3 2
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2/3 of the grain-Wlling period to relative grain Wlling
in two of the three comparisons. Percent green leaf
area accounted for 56% (r2 = 0.56, P < 0.05) of the
variation in relative 100-grain mass in the dryland
environment in 2004–2005 and 32% (r2 = 0.32,
P < 0.10) of the variation in relative 100-grain mass
in the late-onset stress dryland environment in 2005–
2006. In the more severe early-onset stress environ-
ment of 2005–2006 there was no relationship of
relative % GLA at 2/3 grain Wlling and relative
100-grain mass, largely because few of the introgression
lines had a signiWcant green leaf area remaining at
that point. Relative, rather than absolute, values of
both traits were used as there were considerable
diVerences in yielding ability and plant type among
the introgression lines, which (1) reXected diVerences
in the agronomic value of the parents, as the lines
were only BC1 or BC2 generation, and (2) were not
related to stay-green or its eVects. Relative values are
an appropriate measure of the ability of a genotype to
maintain its normal or non-stress phenotype in the
stress environments.

The relationship of a higher relative % GLA and a
greater degree of grain Wlling translated into a rela-
tionship between relative % GLA and relative grain
yield in both the 2004–2005 and the 2005–2006 late-
onset stress dryland environments. DiVerences in the
% GLA of the QTL introgression lines at two-thirds
of grain Wlling accounted for 34% (r2 = 0.34,
P < 0.10) of the diVerences in relative grain yield in
the 2004–2005 dryland environment and 76%
(r2 = 0.76, P < 0.01) of the diVerences in the late-
onset stress dryland environment in 2005–2006
(Fig. 3). Similarly, diVerences in chlorophyll content
(SPAD values) accounted for a signiWcant proportion
of diVerences in grain yield (r2 = 0.42, P < 0.05) at
physiological maturity in the early-onset stress envi-
ronment of 2005–2006. These relationships reXect the
importance of maintaining a functional leaf area into
the last stages of the grain-Wlling period, to allow a
genotype to Wll its grain as nearly as possible to its
genetic maximum grain size, and thus increase yields
to the ceiling set by the actual grain numbers estab-
lished at Xowering. In a similar study of nine sorghum
genotypes varying in stay-green, Borrell et al. (1999)
found that grain yield was correlated positively with
green leaf area at maturity (r = 0.75, P < 0.05) and
negatively with rate of leaf senescence (r = 0.74,
P < 0.05), supporting the hypothesis that sorghum

genotypes possessing the stay-green trait have a sig-
niWcant yield advantage under post-anthesis drought
stress conditions compared with genotypes not pos-
sessing this trait. They also reported that stay-green
did not constrain yield when water was not limiting,
since no diVerences in grain yield were observed
among eight of nine genotypes under fully-irrigated
control conditions. When water was limiting during
grain growth, yield accumulation in stay-green geno-
types was largely dependent on photo-assimilation in
the remaining green leaves. Lower grain yields in the
intermediate and senescent genotypes were associated
with retention of fewer green leaves, although this
reduction was oVset to some extent in the intermedi-
ate hybrid by utilization of stem reserves for grain
Wlling (Borrell et al. 1999).

Conclusions

These data demonstrate that stay-green QTLs from
the donor parent have been successfully introgressed
into the backcross progenies, and are expressing in
the genetic background of the recurrent parent R 16.
The majority of the QTL introgression lines had
higher leaf chlorophyll content (SPAD reading) both
before and during leaf senescence. They also had
either a delayed initiation of leaf senescence (supple-
mentally-irrigated environment) or slower rate of loss
of % GLA (post-Xowering moisture deWcit environ-
ments). Reduced leaf senescence (relative % GLA in
the stress/irrigated conditions) was related to higher
relative grain yield in two of the three post-Xowering
stress environments. These results demonstrate the
potential gains from marker-assisted selection/back-
crossing for enhancing a complex trait like drought
tolerance, which is diYcult with only phenotypic
selection.

Successfully using a MAS program requires sev-
eral benchmarks of success, including the recovery of
the target trait from the donor parent and recovery of
recurrent parent phenotype for characters not directly
associated with the introgressed target trait. This
study demonstrates that a reasonable degree of suc-
cess has been achieved in the case of the Wrst bench-
mark, as a number of the QTL introgression lines
were signiWcantly more stay-green than R 16, and
able to better maintain their relative yield level in the
post-Xowering stress environment than was R 16.
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However, none of the QTL introgression lines was as
stay-green as B35, which may be only a result of the
transfer of selected stay-green QTL rather than the
full complement of stay-green QTL in B35. The task
now is to complete the backcrossing program to fully
recover the R 16 phenotype and to test the eVects of
the individual stay-green QTLs and the potential
gains from pyramiding multiple stay-green QTLs into
a common genetic background.
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