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Abstract The stay-green trait is a reported component
of tolerance to terminal drought stress in sorghum. To
map quantitative trait loci (QTLs) for stay-green, two
sorghum recombinant inbred populations (RIPs) of 226
F;.5 lines each were developed from crosses (1) IS9830 x
E36-1 and (2) N13 x E36-1. The common parental line,
E36-1 of Ethiopian origin, was the stay-green trait
source. The genetic map of RIP 1 had a total length of
1,291 cM, with 128 markers (AFLPs, RFLPs, SSRs and
RAPDs) distributed over ten linkage groups. The map of
RIP 2 spanned 1,438 cM and contained 146 markers in
12 linkage groups. The two RIPs were evaluated during
post-rainy seasons at Patancheru, India, in 1999/2000
(RIP 2) and 2000/2001 (RIP 1). The measures of stay-
green mapped were the green leaf area percentages at 15,
30 and 45 days after flowering (% GL15, % GL30 and %
GLA45, respectively). Estimated repeatabilities for %
GL15, % GL30 and % GL45 amounted to 0.89, 0.81 and
0.78 in RIP 1, and 0.91, 0.88 and 0.85 in RIP 2, respec-
tively. The number of QTLs for the three traits detected
by composite interval mapping ranged from 5 to 8, ex-
plaining 31% to 42% of the genetic variance. In both
RIPs, both parent lines contributed stay-green alleles.
Across the three measures of the stay-green trait, three
QTLs on linkage groups A, E and G were common to
both RIPs, with the stay-green alleles originating from
E36-1. These QTLs were therefore consistent across the
tested genetic backgrounds and years. After QTL valida-
tion across sites and verification of the general benefit of
the stay-green trait for grain yield performance and sta-
bility in the target areas, the corresponding chromosomal
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regions could be candidates for marker-assisted transfer
of stay-green into elite materials.
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is an impor-
tant crop, and staple food of millions of people in the
semi-arid tropics of Africa and Asia. In these areas,
rainfall is low and highly erratic, and drought stress is a
major constraint to agricultural production. Dry spells
can occur at any time during the growing season, but
terminal drought stress is prevalent in many regions and
years. The stay-green trait, i.e. delayed leaf senescence
during grain ripening under drought stress conditions,
has been reported as an important component of termi-
nal drought tolerance in sorghum because it assures nor-
mal grain filling under water-limited conditions
(Tenkouano et al. 1993; Walulu et al. 1994; van Oosterom
et al. 1996; Borrell et al. 1999, 2000a,b; Borrell and
Hammer 2000; Thomas and Howarth 2000; Xu et al.
2000). It is often associated with resistance to charcoal
stalk rot [Macrophomina phaseolina (Tassi) Goid]
(Rosenow 1984), lodging (Woodfin et al. 1988) and su-
perior ruminant nutritional quality of grain crop residues
(i.e. stover) due to a higher content of basal stem sugars
(Duncan 1984; van Oosterom et al. 1996). Because of
the better quality of crop residues, manipulation of the
stay-green trait is also considered important for the im-
provement of the stover ruminant nutritional quality of
dual-purpose sorghum (Tao et al. 2000). Despite all
these studies, the value of the stay-green trait under true
dryland conditions is not uncontested (Haussmann et al.
1999). In fact, there is some chance that the stay-green
trait in at least some genetic backgrounds is simply due
to small panicle size and low panicle grain number, pro-
viding a poorly developed sink (Ludlow and Muchow
1990). Consequently, it is most important to consider
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Table 1 Summary of recent stay-green mapping studies

Reference Pop.2 Parents Test sitesP Linkage map¢ Number of QTLs
for stay-green
LGs  Length [cM]

Tuinstra et al. (1997) 98 RIL B35, Tx7078 2 E in Mexico and Arizona, 17 1,580 R 6

irrigated and post-flowering

drought
Crasta et al. (1999) 96 RIL B35, Tx430 4 E in Texas 14 1,602 K 7
Xu et al. (2000) 98 RIL B35, Tx7000 5 E in Texas 10 837H 4
Subudhi et al. (2000) 98 RIL B35, Tx7000 2 E in Texas added to those 10 91 markers added 5

of Xu et al. (2000) to map of Xu et al.

(2000)

Tao et al. (2000) I52RIL  QL41,4QL39 5 E in Australia 14 1,871 U 5
Kebede et al. (2001) 125 RIL ~ SC56, Tx7000 5 E in Texas and Kansas 10 1,355 K 9

a2 Mapping population; RIL = recombinant inbred lines
bE = environments (site/season combinations)

¢LG = linkage groups; R = recombination frequency; K, H = Kosambi and Haldane mapping function, respectively; U mapping function

not indicated
dQL41: derived from a cross of B35 x QL33

stay-green not alone, but in relation to grain production
(Borrell et al. 1999).

Putative QTLs for the stay-green trait have been iden-
tified in six recently published studies (Table 1). Four
studies used line B35, a BC, derivative of the Ethiopian
durra sorghum IS12555, as source of stay-green
(Tuinstra et al. 1997; Crasta et al. 1999; Subudhi et al.
2000; Xu et al. 2000). Tao et al. (2000) exploited the
stay-green line QL41, which was derived from a cross of
B35 with line QL33. Only Kebede et al. (2001) have pre-
viously utilized a stay-green source, line SC56 (derived
from a Sudanese caudatum-nigricans sorghum), which is
not related to B35. To reduce the risk of genetic vulnera-
bility, breeding programs should not rely on one or few
sources of any trait, especially one where there could be
unfavorable mechanisms contributing to its expression as
is the case with the stay-green component of terminal
drought tolerance in sorghum. Therefore, objectives of
the present investigation were to identify and map QTLs
for the stay-green component of terminal-drought toler-
ance in two recombinant inbred populations of sorghum
derived from stay-green source line E36-1, and to study
the relationships between the stay-green trait and grain
yield, stover yield, total biomass and harvest index under
terminal drought stress in these materials.

Materials and methods

Genetic materials

Two recombinant inbred populations (RIPs) of sorghum, each con-
sisting of 226 F;-derived Fs lines (F5.5 lines), were developed from
the crosses 1S9830 x E36-1 (RIP 1) and N13 x E36-1 (RIP 2).
Line E36-1, the source for the stay-green trait in these RIPs, is a
high-yielding breeding line assigned to the guinea-caudatum hy-
brid race with Ethiopian origin. Line IS9830 is a tall Sudanese
feterita belonging to the caudatum race. Line N13 from India is a
durra sorghum. The crosses were selfed and 226 F, plants per pop-
ulation advanced by single-seed descent to the F, generation. The
F, lines were multiplied by selfing 40 panicles per line, and the re-

sulting Fy seed was bulked. These F;-plant derived bulks in Fy are
referred to hereafter as F;.5 lines. Each F;.5 line represents the
gene content of the parental F; plant. One F;.5 line in RIP 1 proved
to be an off-type and was therefore removed from the data set after
the field evaluation of the RIPs.

Field trials

The experiments were conducted during the post-rainy seasons
(October to March) of 1999/2000 (RIP 2) and 2000/2001 (RIP 1)
at the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), Patancheru (17°30’N, 78°16’E, altitude
545 m). This season is ideal for evaluating the expression of adap-
tive traits for terminal moisture-deficit conditions, as the crop is
dependent almost entirely on stored soil moisture and undergoes a
long progressive stress under moderate evaporative-demand con-
ditions. Severity and time of onset of stress can be manipulated by
a choice of soil texture and/or depth to vary total plant-available
water content, and onset of stress can be further manipulated (on
shallow soils) by refilling the profile at varying times prior to
flowering. The experiments reported here were planted on a shal-
low (40 to 60 cm) vertic inceptisol (very fine montmorillontic iso-
hyperthermic) overlying a loose, decomposing granite-base mate-
rial that is permeable to roots but contains limited plant-available
water.

Each RIP was sown together with the two respective parental
lines in a 19 X 12 lattice design with three replications. The exper-
imental units were 2-row plots, with each row being 4-m long and
spaced 0.60-m apart. A basal application of 20 kg ha-! N and
20 kg ha! P,O5 as di-ammonium phosphate was banded before
sowing. Seeds were machine-sown and the field irrigated (10 mm)
with overhead sprinklers to ensure germination. The crop was suc-
cessfully thinned 10 days after emergence to about 100,000 plants
ha-1. Twenty days after emergence, an additional 45 kg ha-! of N,
as urea, was side-dressed and the field given a light (15-mm)-
sprinkler irrigation. The temperature regime was very similar in
the two seasons (Fig. 1). A slight climatic difference between the
2 test years was that the 2000/2001 season (RIP 1) received
20 mm rain in January, while the 1999/2000 season (RIP 2) re-
ceived 58 mm rain in February.

The crop was protected from both leaf-feeding insect pests and
stem borers using appropriate insecticides. Regular prophylactic
measures were taken to prevent leaf rust that is common during
this season. Traits assessed in the two trials included the number
of sorghum plants, the time from emergence to 50% flowering (d),
the number of panicles, the dry panicle yield, the grain yield, the
dry stover yield, the total above-ground biomass, the harvest in-
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Fig. 1 Amount of rain (black column) and irrigation (hedged col-
umn), as well as minimum (triangle down) and maximum (trian-
gle up) air temperatures, during the a) 2000/2001 and b)
1999/2000 post-rainy season at Patancheru, India, where RIP 1
and RIP 2, respectively, had been grown

dex, the leaf area per plant and the percentage of green leaf area at
15, 30 and 45 days after flowering, assessed as described below.
Panicles and stover were oven-dried at 60 °C for 48 h before
weighing. This removes all the moisture.

Estimation of senescence

At the time of emergence of the flag leaf, three representative
plants in each plot were tagged; the length and width of the upper
six leaves were measured, and the area of each estimated as: leaf
length x leaf width x 0.70. Beginning at flag-leaf emergence, the
percentage of each of the upper six leaves of each tagged plant re-
maining green was visually estimated at weekly intervals. The
green-leaf area (GL) of each tagged plant was computed by multi-
plying the percent green-leaf area by the measured area of each
leaf, and summing across the six measured leaves. The percentage
of green-leaf area (% GL) for each plant, for each week, was cal-
culated by dividing the estimated GL for that week by its mea-
sured leaf area at flowering. Plot values for % GL were derived by
averaging the three individual plant values for each plot. The
weekly % GL data were used to fit an appropriate equation to de-
scribe the pattern of leaf senescence during the period of observa-
tions. Linear fits were satisfactory for most plots. A second order,
or logistic fit, was used when the linear fit was not adequate. In
both years, the coefficient of determination for all plots was not
less than 90%. The fitted equation for each individual plot were
used to estimate the % GL at 15, 30 and 45 days after flowering of
the individual entries (% GL15, % GL30 and % GLA45, respective-
ly). For more details of the method, see Mahalakshmi and Bidinger
(2002).

Genotyping

Marker analyses of the two mapping populations were performed
with bulked DNA from 20 plants per F;.5 line. AFLP, RFLP and
SSR analyses were carried out by commercial laboratories, and
RAPD analyses by ICRISAT. RIP 1 was genotyped for 225 marker
loci (131 codominantly and 20 dominantly scored AFLPs, 51
SSRs, 17 RFLPs and 6 RAPDs) and RIP 2 for 292 marker loci
(122 codominantly and 75 dominantly scored AFLPs, 58 SSRs, 20
RFLPs and 17 RAPDs). The AFLP markers were created using
ten EcoRI/Mse primer combinations. The RFLP markers (about
two anchors per linkage group) were selected from the sorghum
genetic map published by Boivin et al. (1999). The SSRs had been
developed by Brown et al. (1996), Taramino et al. (1997), Kong et
al. (2000) and Bhattramakki et al. (2000). Genetic maps were con-
structed using the software JoinMap 2.0 (Stam and Van Ooijen
1995). The Haldane mapping function was used and linkage
groups were named according to common anchor markers with the
map of Bhattramakki et al. (2000). After having constructed the
maps for each RIP using all marker data (Haussmann et al. 2002),
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it was found that some (mainly AFLP) markers clustered in cer-
tain regions of the genome. In order to obtain maps with a more-
uniform marker distribution, certain markers were removed from
the data set and new maps computed. These new maps are present-
ed here and were used in the QTL analyses.

Statistical analyses

Phenotypic data were analyzed using the software package PLAB-
STAT (Utz 1998). Estimates of operative repeatability (i.e. herita-
bility in a replicated trial) were computed, using the following for-
mula:

Operative Repeatability = 62/ (612 +02/ R),

where 62, and o2, are the estimated treatment and error compo-
nents of variance, respectively, and R the number of replications.
It should be noted that the “true” heritabilities are lower, since re-
peatabilities are overestimated due to genotype X environment in-
teraction. Phenotypic correlations among traits were computed ac-
cording to standard procedures.

QTLs were detected using the method of composite interval
mapping (Jansen and Stam 1994; Utz and Melchinger 1994; Zeng
1994) and the software PLABQTL Version 1.1 (Utz and Melchinger
2000). A purely additive model was employed since it is impossi-
ble to reliably estimate the remaining dominance effects in Fj.5
lines (H.F. Utz, personal communication). The critical LOD
thresholds as determined by PLABQTL using the Bonferroni chi-
square approximation (Zeng 1994) were 2.67 for RIP 1, and 2.72
for RIP 2 (DF=2). Both values approximately refer to comparison-
wise and experiment-wise error rates of oo = 0.002 and 0.25, re-
spectively. QTLs with a LOD score between 2.5 and 2.7 are also
being reported and may be regarded as suggestive. Individual co-
factor sets were selected via stepwise regression for each trait and
data set by PLABQTL, and subsequently extended or reduced by
maximizing the R2 value. Final selection was for the model that
minimized Akaike’s information criterion (AIC), a measure of the
goodness-of-fit of the regression model (Jansen 1993). QTL posi-
tions were determined at the local maxima of the LOD-curve plot
in the region under consideration. Adjacent QTLs on the same
chromosome were considered different when the curve had a mini-
mum between peaks that was at least 1 LOD unit below either
peak or when the support intervals were non-overlapping.

The proportion of phenotypic variance explained by a single
QTL was obtained by the square of the partial correlation coeffi-
cient (R?). Estimates of the additive effects of the QTL, and the to-
tal genetic variance explained by all QTLs, were obtained by fit-
ting a model including all putative QTLs for the respective trait.

A five-fold cross-validation was employed using the best-fit-
ting model to determine how QTL estimates depended on geno-
type sampling. In such a validation, QTL positions and effects are
estimated with 4/5% of the data, and with the remaining 1/5th a
validation is performed. This can be done five-times, such that
each fifth of the data is used in validation (Utz and Melchinger
2000). Since in the present study the number of genotypes in the
validation run was rather small (45), the five-fold cross-validation
was used to check how often a QTL was detected in the five cali-
bration runs with 4/5th of the data (180 F;.5 lines).

Results
Field data

Environmental means for grain yield were 267 and
199 ¢ m=2 in the two years (Table 2). Since the two RIPs
were evaluated in different years they are not directly
comparable. However, it may be noted that, on average,
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Table 2 Means, significance

of genetic differences among Trait RIP 1 (IS9830 x E 36-1) RIP 2 (N13 X E 36-1)
the F;.5 sorghum lines (Signif.), .. ..
estimiiied operative repeatabili- Mean  Signif. Rep. CV% Mean  Signif. Rep. CV%
ties (Rep.), and coefficients ) ) o
of error variation (CV%) Time to flowering (d) 543 k% 0.95 2.7 69.8 wx 0.94 2.8
for Recombinant Inbred Popu-  Panicles m-2 114  * 055 133 134 070  17.6
lation (RIP) 1 and RIP 2 Panicle yield (g m-z) 334 *% 0.67 17.2 259 wx 0.70 22.3
for various traits assessed Grain yield (g m-2) 267 0.69 183 199 067 235
in Patancheru. India Stover yield (g m-2) 343 084 178 412w 078  18.1
in the post-rainy seasons Biomass yield (g m2) 678  ** 073 149 672 % 053  17.8
200012001 (RIP 1) Harvest index (%) 39.8 085 102 29.8 089 118
and 1999/2000 (RIP 2) Leaf area per plant 16.6 ns - 16.4 14.0 HE 0.49 22.7
Green-leaf area 15d%(%) 74.1 k¥ 0.89 6.0 73.6 wx 0.91 5.0
Green-leaf area 30d2(%) 55.1 k% 0.81 10.7 55.7 w* 0.88 8.4
Green-leaf area 45d%(%)  36.1  ** 0.78 223 37.7 HE 0.85 16.6
aPercentages of green-leaf area at 15, 30 and 45 days after flowering
**Genotypic differences significant at the 0.01 probability level; ns non-significant
RIP 1 flowered relatively about 2 weeks earlier than RIP RIP 1 _ RIP 2
2, a behavior which we know also from trials conducted @ Nimberofines poumber of ines =
in West Africa where both RIPs were planted side by 60| %GLI5 1S S8 364 6] %G5 "%EW
side (Haussmann, unpublished data). The mean percent- 50 s0] Z%
age green leaf area decreased from 74% at 15 days after 401 401 % .
flowering to 36-38% at 45 days after flowering in both 301 301 %%
RIPs. Genetic variation among the F;.5 lines within each - 2°j %%
RIP was highly significant for all traits, except for the 1: - 127 - v r%( e |
leaf area per plant in RIP 1. Estimated operative repeat- b 7o T
abilities ranged from 0.55 to 0.95 in RIP 1, and from o %OLO

0.49 to 0.94 in RIP 2, for the traits with significant ge-
netic variation. Coefficients of error variation were low
or moderate for all traits.

Frequency distributions of the three stay-green traits
in RIPs 1 and 2 were unimodal and approximately nor-
mal (Fig. 2); only the distribution of % GL15 in RIP 1
had a slightly negative kurtosis (P = 0.05). The two par-
ent lines of each RIP differed significantly for % GL30
and % GL45. For % GL15, the difference between the
parents of RIP 2 (N13 and E36-1) was significant, while
that for the parents of RIP 1 (IS9830 and E36-1) was not
significant. Transgressive segregation occurred in both
directions for all three measures of the stay-green trait in
both RIPs, except for % GL45 in RIP 1.

In both RIPs, coefficients of phenotypic correlation
were high between % GL15 and % GL30, and between
9% GL30 and % GL45 (Table 3). Only moderate correla-
tions occurred between % GL15 and % GL45. High
grain yield was associated with stay-green in RIP 2
whereas the relationship between the two traits was non-
significant in RIP 1. Besides stay-green, escape through
early flowering was important for grain yield perfor-
mance in RIP 2 (which is the relatively later flowering of
the two populations). In RIP 1, there was only a low cor-
relation between grain yield and early anthesis. In both
RIPs, high harvest index was associated with early flow-
ering and high % GL15. High stover yield was moder-
ately correlated with late flowering and lower values of
9% GL15 in both RIPs.

501
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304
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1 %GL45
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v _ ¥

CUIINNRWARANDDNNR DO
AANOOOOOOSUOOMO oMo NS
GAAAAAAAAAAAAAAANRAAR
CANNRPRROINDDOINNRDO O
aoudacucaocaocuoaon

001>56

w
a
A
B
S
n

Green leaf area ['

=

]

Fig. 2 Frequency distributions of the F;.5 lines of RIP 1 (IS 9830
x E 36-1) and RIP 2 (N 13 x E 36-1) for the percentage of green-
leaf area at a) 15, b) 30 and c) 45 days after flowering (% GL15,
% GL30, and % GLA45, respectively). “V¥” marks the classes
of the respective parent lines. LSD = least significant difference
at P =0.05

Linkage maps

The genetic map of RIP 1 had a total length of
1,291.2 cM, with 128 markers (AFLPs, RFLPs, SSRs
and RAPDs) distributed over ten linkage groups
(Fig. 3a). The average and maximal distances between
two individual markers were 10.1 and 38.8 cM, respec-
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Table 3 Coefficients of phenotypic correlation among the investigated traits in Recombinant Inbred Population (RIP) 1 (IS 9830 x E

36-1) and RIP 2 (N 13 X E 36-1)

RIP  Correlated traits —  Grain yield Stover yield Biomass Harvestindex ~ Time to flowering % GL15 % GL30
1 Stover yield 0.13
Biomass yield 0.60%* 0.86%*
Harvest index 0.54%* —0.74%* —0.33%*
Time to flowering —0.13%* 0.54%* 0.37* —0.58**
% GL152 0.09 —0.38%* —0.26%* 0.42%* —0.72%%*
% GL30 0.05 -0.07 —0.05 0.13 —0.37** 0.86**
% GL45 0.01 0.17%* 0.12 -0.12 -0.04 0.60%* 0.92%*
2 Stover yield —0.19%*
Biomass yield 0.44%%* 0.80%%*
Harvest index 0.79%* —0.72%% —0.18%%*
Time to flowering —0.60%* 0.53%%* 0.11 —0.73%%*
% GL15 0.47%* —0.29%%* 0.02 0.51#* —0.64+%*
% GL30 0.337%%* —0.15% 0.07 0.347%* —0.41%* 0.93%**
% GLA45 0.20%* -0.02 0.10 0.17 —0.19%%* 0.79%* 0.96%*
2% GL15, % GL30, % GL45 = percentage of green leaf area at 15, 30 and 45 days after flowering, respectively
* ** Significant at the 0.05 and 0.01 probability levels, respectively
Fig. 3 Genetic linkage maps a) RIP 1 (IS 9830 x E 36-1)
of a) RIP 1 and b) RIP 2. RFLP " + AFLP
and SSR marker names are in- 280_ A SSR
dicated on the right of each © RFLP
linkage group. AFLP markers 180} O RAPD
names are only given where Xumet07  AXep228 QTL % GL15
AFLPs were common to both 160~  -X33/50-561 — QTL .,/o GL30
RIPs or next to a QTL 1204 - QTL % GL45
for the stay-green trait. Under-
lined markers are common 120 J@xumecres D xtxp295 Axteptat
to both RIPs. Vertical lines pX1207-274 i
on the left of the linkage 100 " Axixpas i x14u8.316
. . . N Xtxp8s
groups indicate support inter- 80- Axsbagros T
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Table 4 Linkage group posi-

tion (LG, Pos.), flanking mark- Trait QTL LG  Pos.cM  Marker interval LOD R? ab C
er interval, individual LOD
score, partial coefficient of de- % GL15 1 C 40 umc7; txpll4 14.9 26.3 4.4 5
termination (R2), and estimated 2 D 35 13/59-145; 12/47-199 3.1 6.1 20 2
additive effects (a;) 3a E 45 13/61-86; 14/160-57 2.6 52 1.5 2
of the QTLs detected in Re- 4 G 70 txp270; 11/55-374 35 7.0 23 5
combinant Inbred Population 1 5 G 105 14/148-316; txpl41 33 6.6 33 3
(IS 9830 x E 36-1) for the per- Percentage genetic variance explained in total: 38.0
centage of green leaf area at 15,
30 and 45 days after flowering % GL30 12 A 115 12/47-274; umc166 2.6 52 1.6 3
(% GL15, % GL30, and % 2 C 35 umc7; txpll4 6.4 12.4 2.7 5
GLA45, respectively). C indi- 3 D 40 13/59-145; 12/47-199 2.8 55 =30 2
cates the number of calibration 4 G 65 1xp270; 11/55-374 29 5.9 1.7 2
runs in which the respective 5a G 110 14/48-316; txpl41 2.9 59 22 2
QTL was detected during 6 H 20 14/50-339 14/160-282 2.6 59 1.7 2
the five-fold cross-validation 7 H 80 txpl05; 1414864 2.6 53 -1.7 1
Percentage genetic variance explained in total: 42.4
% GLA45 1 A 60 12/61-220; 12/47-104 4.5 8.8 30 5
22 A 115 12/47-274; umcl66 29 5.8 23 3
3 D 10 14/50-120 13/59-181 3.0 62 44 3
4 D 40 13/159-145; 12/47-199 2.6 5.1 =37 1
52 G 120 14/48-316; txpl41 3.0 6.0 24 2
6 H 20 14/60-282; txp292 2.6 6.0 22 2
7 H 80 txp105; 14/48-64 33 66 24 4
Percentage genetic variance explained in totalc: 41.0

aQTLs common with RIP 2 (see Table 5)

b Positive effect: stay-green allele from E 36-1; negative effect: stay-green allele from IS 9830

¢ Estimate obtained from a simultaneous fit of all putative QTLs affecting the respective trait, adjust-
ed according to Hospital et al. (1997)

tively. Large gaps (>25 cM) occurred in linkage groups
B (2 gaps), D (1), E(2), F (1) and G (2).

The map of RIP 2 spanned 1,438.1 cM and contained
146 markers in 12 linkage groups (Fig. 3b). Linkage
groups B and D were split in two parts. The average and
maximal distances between two individual markers were
9.8 and 42.7 cM, respectively. Large gaps (>25 cM) oc-
curred on linkage groups A (1 gap), C (2), D (1), E (4),
G((2)andI(1).

The two maps had 42 markers in common. The order
of common markers was completely conserved, except
for the neighboring marker loci Xtxp159 and Xtxp312 on
linkage group E, whose positions were exchanged in the
two maps.

QTLs for stay-green

In RIP 1, composite interval mapping detected five
QTLs for % GLI15 and seven each for % GL30 and
% GLAS; these explained 38%, 42% and 41% of the ge-
netic variation, respectively (Table 4 and Fig. 3a). The
number of cofactors employed was 11, 11 and 13 for the
three traits, respectively. Two QTLs on linkage groups D
(at 35-40 cM) and G (105-120 cM) were common to all
three traits. Another two QTLs on linkage groups C
(35-40 cM) and G (65-70 cM) were common between
9% GL15 and % GL30, while one QTL on linkage group
A (115 cM) and two QTLs on linkage group H
(20-25 c¢M and 80 cM) were common between % GL30

and % GLA45. Individual coefficients of determination,
i.e. the percentage of phenotypic variance explained by
the individual QTL, ranged from 5.1% to 26.3%. Both
parent lines contributed high stay-green alleles. Surpris-
ingly, the major QTL allele for high % GLI15 and
9% GL30 on linkage group C at 35-40 cM was contributed
by the non-stay-green line 1S9830.

In RIP 2, five QTLs were detected for % GL15, and
eight each for % GL30 and % GL45 (Table 5 and
Fig. 3b). The number of cofactors employed was 20, 18
and 19 for the three traits. In total, the QTLs detected ex-
plained 31%, 37% and 36% of the genetic variation for
% GL15, % GL30 and % GLA45, respectively. Five QTLs
on linkage groups A (at 20 cM and 165 cM), Bl
(50-55 cM) and E (75-85 cM and 195 cM) were com-
mon between all three traits. In addition, two QTLs on
linkage groups A (110-115 cM) and G (115 cM) were
common between % GL30 and % GLA45. Individual co-
efficients of determination ranged from 4.9% to 23.0%.
Both parents contributed high stay-green alleles. Again,
a major QTL allele for high stay-green on linkage group
A at 165 cM was derived from the non-stay-green par-
ent, line N13, in this case.

The five-fold cross-validation showed that genotype-
sampling effects had an effect on QTL detection in the
present materials. QTLs that were detected in only one out
of the five calibration runs may be less reliable. However,
when the LOD curves in the calibration runs were inspect-
ed (data not shown), it was found that peaks were present
in most cases, but did not exceed the threshold of 2.5.



Table 5 Linkage group posi-

—_
(O8]
N}

tion (LG, Pos.), flanking mark- ~ Trait QTL LG Pos.cM  Marker interval LOD R2 ab C
er interval, individual LOD
score, partial coefficient of de- % GL15 1 A 20 txp340; tp61 3.1 6.2 1.8 2
termination (R2) and estimated 2 A 165 33/50-561; txp208 12.0 23.0 45 5
additive effects (a;) of the 3 Bl 50 txpl; 14/61-115 2.5 49 -14 1
QTLs detected in Recombinant 4a E 75 xpl59; 13/61-86 6.8 13.0 31 5
Inbred Population 2 5 E 195 txp295; txpl68 2.8 56 -1.6 1
(N 13 XE 36-1) for the per- Percentage genetic variance explained in totalc: 314
centage of green leaf area at 15,
30 and 45 days after flowering % GL30 1 A 20 txp340;, txp61 3.0 5.9 19 2
(%GL15, %GL30, and %GLA45, 2 A 90 txp88 11/60-89 4.8 9.3 24 4
respectively). C indicates 3a A 110 12/47-324; 11/148-177 2.9 5.7 1.9 2
the number of calibration runs 4 A 165 33/50-561, tp208 6.2 127 33 5
in which the respective QTL 5 B1 50 14/61-115; 13/61-259 3.0 58 -16 2
was detected during the five- 6 E 80 13/61-86; 12/47-186 7.5 14. 33 5
fold cross-validation 7 E 195 xp295; txpl68 34 6.7 -19 4
8a G 115 sbl-1, txpl41 2.7 5.5 1.7 1
Percentage genetic variance explained in total¢: 36.5
% GLA45 1 A 20 1xp340; txp61 3.0 5.9 21 3
2a A 115 12/47-324; 11/48-177 4.1 8.0 29 2
3 A 165 33/50-561, txp208 4.0 83 3.1 3
4 Bl 55 14/61-115; 13/61-259 4.9 95 25 5
5 C 90 11/49-320; umc63 2.8 5.6 20 2
7 E 85 txp159; 13/61-86 7.6 14.3 34 5
8 E 195 txp295; txpl68 2.9 58 -19 2
9a G 115 sbl-1, txpl41 2.6 5.2 19 2
Percentage genetic variance explained in total¢: 36.3

aQTLs common with RIP 1 (see Table 4)

b Positive effect: stay-green allele from E36-1; negative effect: stay-green allele from N 13

¢ Estimate obtained from a simultaneous fit of all putative QTLs affecting the respective trait, adjust-
ed according to Hospital et al. (1997)

Considering % GL15, % GL30 and % GL45 simulta-
neously, three QTLs in linkage groups A, E and G were
common to both RIPs, with the high stay-green alleles
deriving from the stay-green source-line E36-1. Since
the two RIPs were tested in different years, these three
QTLs may be considered as consistent not only across
the two genetic backgrounds, but also across the 2 exper-
imental years. Individual coefficients of determination
for these QTLs ranged from 5.2% to 6.0% in RIP 1, and
from 5.2% to 13.0% in RIP 2.

Discussion

Knowing that sorghum grain yield may range from be-
low 80 to above 1,000 g m=2, the environmental means
for grain yield in the present study (267 g m=2 in RIP 1,
and 199 g m2 in RIP 2) may be considered as moderate
drought-stress conditions in both experimental years.
The ability to maintain green leaf area was moderately
positively correlated with grain yield in RIP 2, but had
no effect on the grain yield performance in RIP 1. The
earlier flowering of RIP 1 (as compared to RIP 2) and
the 20-mm January rain received by RIP 1 could have re-
duced the severity of the post-flowering drought-stress
experienced by the crop, thus reducing the potential im-
pact of stay-green on grain yield performance. In con-
trast, the 58-mm rain received by RIP 2 in February was

too late to have any impact. Alternatively, rapid growth
and, thus, high sink strength of the panicles of the high-
est yielding lines of RIP 1 could have competed with the
leaves for remobilizable nitrogen, leading to earlier se-
nescence of the leaves. This may explain the fact that
there was no advantage of the stay-green trait in RIP 1.
In contrast, Borrell et al. (2000b) reported a correlation
of r=0.75 (P = 0.01) between the green leaf area at ma-
turity and the grain yield under terminal (pre- and post-
flowering) water stress. Their study involved nine close-
ly related hybrids varying in the rate of leaf senescence;
these were evaluated under three water regimes at one
location in northeastern Australia. Mean grain yields in
the non-stress, post-flowering and terminal drought treat-
ments were 1,030, 1,007, and 849 g m2, respectively.
Considering the mean grain yield of sorghum in Africa
and Asia of 80 and 120 g m2, respectively, the treat-
ments in the study of Borrell et al. (2000a,b) may be re-
garded as non-stress conditions. In field trials involving
48 hybrids and their 24 parent lines evaluated in eight
site/season combinations in a semi-arid area of Kenya,
with environmental means for grain yield ranging from
167 to 595 g m2, Haussmann et al. (1999) reported a
negative genetic correlation coefficient (r = —0.47, ex-
ceeding twice its standard error) between the number of
green leaves at 95 days after sowing and grain yield in
the hybrids. In their study, therefore, those hybrids that
quickly translocated all assimilates to the grains were
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Table 6 Linkage group names in the present study and corresponding linkage groups in other stay-green mapping studies

Reference Linkage group
This paper (as Bhattramakki et al. 2000) A B c D E F G H I J
Tuinstra et al. (1997)2 F B G N D K E ? ?7 H
Tao et al. (2000) cC B A F 1] G 1 E D H
Crasta et al. (1999), Xu et al. (2000), Subudhi et al. (2000), Kebede et al. (2001) G D A C E 1 B H F ]
aOnly eight of the 15 linkage groups of the RAPD-based map of Tuinstra et al. (1997) could be aligned
;Iigg:eo‘; plflltgl&i%estg;}?}lg%gfl_ Reference and parents  Positions of stay-green QTLs relative to our linkage groups
QTLs identified in various of mapping population
studies relative to the linkage
group names assigned in our A B C D E F G H L7
study, and respective donors )
f the stay- leles This study: %GL45P 2xP1a 2xPp2a Pl PI, P2
of the stay-green alleles E36.1 X IS 9830
This study: %GL45bP 2xP1,P2 P2 P2 P1, P2 P1
E36-1 xN13
Tuinstra et al. (1997)c P? 2xP? P? P? L.P?
B35 x Tx7078
Crasta et al. (1999) P1 P1 P1 P1,P2 P2 Pl
B35 x Tx430
Xu et al. (2000) P1 2xP1 Pl
B35 x Tx7000
Subudhi et al. (2000) P1 2xP1 Pl P1
B35 x Tx7000
Kebede et al. (2001) Pl P2 Pl  PL,P2 Pl P2 P2 PI
SC56 x Tx7000
Tao et al. (2000) P2 P1 P2 Pl P1
QL41 x QL39

aP1: QTL with the stay-green allele coming from stay-green parent (E 36-1, B35, SC56, or QL41);
P2: QTL with the stay-green allele coming from the non-stay-green parent (IS 9830, N 13, Tx7078,
Tx430, Tx7000, or QL39). 2x P1: two QTLs from P1 on the respective linkage group

bOnly the QTLs for green leaf area at 45 days after flowering are included here

¢? = Donor parent of stay-green alleles not indicated

highest yielding, while the stay-green types were inferi-
or. In the study of Tuinstra et al. (1997), two QTLs were
identified with major effects on both stay-green and
grain yield under post-flowering drought, suggesting a
positive relationship between the two traits at stress sites
in Mexico (mean grain yield 120 g m=2) and Arizona
(467 g m2). More data is needed on the relationship be-
tween stay-green and grain yield, especially under severe
terminal drought stress (E. Weltzien, personal communi-
cation). Unfortunately, none of the sorghum stay-green
trait mapping-studies published recently report this cor-
relation in the tested recombinant inbred populations.
The total lengths of the two genetic linkage maps pre-
sented here are within the range reported for sorghum in
the literature (Haussmann et al. 2002). The shorter map
for RIP 1 (1,291 cM, versus 1,438 cM in RIP 2) is proba-
bly due to a lower genetic distance between IS9830 and
E36-1 (the parent lines of RIP 1) as compared to N13 and
E36-1 (the parent lines of RIP 2). Because of the lower
genetic distance, a lower number of polymorphic markers
were identified for RIP 1 and this hindered the comple-
tion of some of the linkage groups. Relative to the sor-
ghum genetic map published recently by Bhattramakki et

al. (2000), about 230 and 120 cM are still missing in the
maps of RIPs 1 and 2, respectively. In RIP 1, missing re-
gions are suspected in linkage groups B (70 cM), C
(10 cM), D (47 cM), E (45 cM), G (15 cM), H (40 cM)
and J (7 cM). In RIP 2, missing regions are probable in
linkage groups A (34 cM), B (35 cM) and D (53 cM).
Some of these missing regions correspond to mapped po-
sitions of stay-green QTLs previously reported in sor-
ghum. For example, Crasta et al. (1999) mapped a minor
stay-green QTL to a region located between Xtxp/41 and
the upper end of linkage group G (their linkage group B).
This region is beyond the reach of our maps.

Between five and eight QTLs were detected for the
three stay-green traits evaluated in the present study.
This range corresponds well to the number of QTLs
identified in other stay-green mapping experiments (Ta-
ble 1). Contrastingly, earlier classical genetic studies
suggested one to three major genes being involved in the
inheritance of stay-green in B35, SC599-11F and
BTx378 (Tenkouano et al. 1993), and B35 (Walulu et al.
1994). The partially different QTLs identified for %
GL15, % GL30, and % GL45 may reflect a partially in-
dependent inheritance of different components of stay-



green, like the initial green leaf area at flowering, the
time of onset of senescence, and the average or maxi-
mum rate of senescence. Further data analysis is required
to prove this hypothesis. An independent inheritance of
the mentioned components of stay-green had also been
suggested by van Oosterom et al. (1996).

By using the same stay-green source in two different
mapping populations and by testing the two populations
in different years, we were able to validate the stay-green
QTLs from line E36-1 across genetic backgrounds and
years. Three QTLs on linkage groups A, E and G were
common to both RIPs across the three traits, with the
stay-green allele deriving from line E36-1. These QTLs
could be potential candidates for marker-assisted transfer
of stay-green into locally adapted materials. Possible
QTL x environment interaction effects could not be esti-
mated in the present single-environment experiments.
The QTLs therefore need further validation in different
test environments (sites and/or years), especially under
severe drought-stress conditions, before applied marker-
assisted selection is initiated. However, exploratory
marker-assisted backcrossing of these putative QTLs in-
to a small number of genetically diverse, agronomically
elite, drought-sensitive genetic backgrounds, could also
contribute to their validation. It would also allow an esti-
mation of the overall benefit of individual stay-green
genes for grain yield and other agronomic traits in the
target areas.

Via common markers and comparison with other ge-
netic linkage maps of sorghum (Boivin et al. 1999; Peng
et al. 1999; Subudhi and Nguyen 1999; Bhattramakki et
al. 2000; Kong et al. 2000), our maps could be aligned
with those of the previous stay-green mapping studies
(Table 6). Only seven of 15 linkage groups in the RAPD-
based map of Tuinstra et al. (1997) could not be related
to any linkage group in our maps. After the alignment of
the linkage maps, linkage-group positions of putative
stay-green QTLs identified in the various studies were
related to the positions of QTLs for % GL45 identified in
our study (Table 7). Across all studies, the pattern of
QTL appearance is complex, with stay-green QTLs ap-
pearing on all ten linkage groups of sorghum. Because of
very few common markers (and small sample sizes), it is
difficult to further align the maps and compare the QTL
positions more precisely. However, it seems that most
QTLs for stay-green differ among the various stay-green
donor parents lines. Thus:

(1) A stay-green QTL was detected by Tuinstra et al.
(1997) near marker locus XtF'16/68 on our linkage group
B = their linkage group B, by Crasta et al. (1999) near
marker locus Xzxs/537 on our linkage group B = their
linkage group D2, and by Subudhi et al. (2000) near
marker locus Xtxs/845 on our linkage group B = their
linkage group D2. This particular stay-green QTL, which
is not the same as Stg3 (identified by Xu et al. 2000) that
also maps to this linkage group, has only been detected
in mapping populations based on stay-green source B35.

(2) Stay-green QTL Srg4 was detected from source
B35 by Crasta et al. (1999) near marker locus Xtxs713
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on our linkage group J = their linkage group J, by Xu et
al. (2000) at this same position, and by Subudhi et al.
(2000) at this same position. Similarly, a stay-green QTL
was also detected at this same position from source
SC56 by Kebede et al. (2001). However, we have detect-
ed no stay-green QTL mapping to this linkage group in
our studies of two RIL sets based on stay-green source E
36-1.

In the present, as well as in several previous stay-
green mapping studies in sorghum (Crasta et al. 1999;
Tao et al. 2000; Kebede et al. 2001), transgressive segre-
gation was present and both parent lines contributed al-
leles for stay-green. Surprisingly, even major QTLs for
stay-green were contributed by the non-stay-green par-
ents 1S9830 (QTLs for % GL15 and % GL30 on linkage
group C) and N13 (QTLs for % GL15, % GL30 and %
GLA45 on linkage group A at 160—165 cM) in the present
study. This indicates some hidden genetic variability for
the trait that could be exploited by breeders, where the
trait proves to be useful.

Conclusions

Quantitative trait loci and the corresponding flanking
molecular markers for stay-green have been identified
and verified across environments, years, and/or different
genetic backgrounds in the present as well as in other re-
cently published studies. Consistently identified QTLs
could be candidates for marker-assisted transfer into lo-
cally adapted cultivars. But before marker-assisted selec-
tion for stay-green is employed widely in breeding pro-
grams targeting extreme drought-stress environments,
e.g. in Sub-Saharan Africa, the benefit of stay-green for
yield performance and stability should be proven in these
target areas. A small-scale marker-assisted backcrossing
program to transfer genomic regions contributing to this
trait from source lines B35 and E36-1 into a small num-
ber of genetically diverse sorghums currently cultivated
in these target areas would be a useful step in assessing
the potential utility of the stay-green trait for these tradi-
tional sorghum production environments.
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