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Abstract Stay green is an important drought resistance
trait for sorghum production. QTLs for this trait with
consistent effects across a set of environments would in-
crease the efficiency of selection because of itsrelatively
low heritability. One hundred and sixty recombinant inb-
reds, derived from a cross between QL39 and QL41,
were used as a segregating population for genome map-
ping and stay green evaluation. Phenotypic data were
collected in replicated field trials from five sites and in
three growing seasons, and analysed by fitting appropri-
ate models to account for spatial variability and to de-
scribe the genotype by environment interaction. Interval
mapping and non-parametric mapping identified three
regions, each in a separate linkage group, associated
with stay green in more than onetrial, and two regionsin
single trial. The regions on linkage groups B and | were
both consistently identified from three trials. The multi-
ple environment testing was very helpful for correctly
identifying QTLs associated with the trait. The utilisat-
ion of molecular markers for stay green in sorghum
breeding is also discussed.
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Introduction

Even though sorghum is a perennial plant, it will, in gen-
eral, die as a result of drought stress during grain filling
(Stout and Simpson 1978; Rosenow and Clark 1981).
The stay green trait, which by definition, resultsin plants
remaining relatively alive under these conditions, is
proving a vauable drought resistance mechanism
(Rosenow 1983). Plants with this trait continue to fill
their grains normally under limited water conditions
(Rosenow and Clark 1981; Duncan et al. 1981), and its
direct contribution to grain yield has become increasing-
ly evident (Henzell 1992; Borrell and Douglas 1997).
Stay green is also associated with resistance to charcoal
rot (Rosenow 1983; Duncan 1984) and lodging (Woodfin
et a. 1988), and has been used as a selection index
for charcoa rot resistance. However, Tenkouano et al.
(1993) have suggested that the two traits are under sepa-
rate genetic control exhibiting dissimilar segregation pat-
terns.

For the last two decades, sorghum breeders have used
stay green for indirect selection for drought resistance,
although the physiological mechanism and genetic con-
trol of this trait are not well understood. Van Oosterom
et al. (1996) conducted a complete nine-parent diallel to
describe: (1) stay green as post-flowering green leaf area
duration and its components. green leaf area at flower-
ing, timing for onset of senescence, and senescence rate;
and (2) the expression of heterosis for stay green in
terms of heterosis for its components. The results
showed that in spite of significant genotype-environment
interactions for the component traits, the expression of
heterosis for non-senescence was stable across experi-
ments.

Inheritance studies of the stay green trait in B35, an
important stay green source line which has been widely
used in sorghum drought resistance breeding, indicate
that it is influenced by a major gene that exhibits varied
levels of dominant gene action depending on the envi-
ronment in which the evaluations are made (Tenkouano
et al. 1993; Walulu et a. 1994). More recently, a Rl pop-
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ulation, with B35 as one of the parents, was character-
ised under multiple drought and non-drought conditions
for the inheritance of traits associated with post-flower-
ing drought resistance (Tuinstra et al. 1996, 1997, 1998).
Stay green was found to be associated with several ge-
nomic regions in an RAPD-based genetic map.

Grain sorghum is grown mostly under rainfed condi-
tions in Australia. Consequently, yield is limited by wa-
ter supply and periods of drought stress can occur at any
stage of development, but most likely post-flowering
(Cooper and Chapman 1996). Selection for stay green
has been conducted in multi-environment tests for devel-
oping superior drought resistant genotypes in Australian
sorghum breeding programs (Henzell et al. 1997). How-
ever, as stay green is expressed only in those tests in
which terminal stress occurred, neither the efficiency nor
the reliability of selection is high when only convention-
al breeding approaches are used for selection of thistrait.
Marker-assisted selection for stay green will greatly in-
crease the efficiency of selection for the trait (Mclntyre
et a. 1997). The work reported here was aimed at identi-
fying QTLs for stay green with consistent effects across
a set of environments. In this paper, we present the re-
sults of the detection of genomic regions with major ef-
fects on stay green in sorghum through testing a recom-
binant inbred population in multiple environments.

Materials and methods

Genetic stock

One hundred and sixty random recombinant inbred lines (RILS)
were developed from the cross QL39/QL41, with 152 lines re-
tained for analysis once those with poor seed set were discarded.
The parental lines and RILs were developed by the Queensland
Department of Primary Industries (Henzell 1992; Henzell et al.
1994). QL41 is a stay green line derived from the cross
QL33/B35. QL39 is a midge-resistant line but is senescent. Lines
derived from QL41 crossed with QL39 and QL38 (another key
sorghum midge-resistant line) comprise a large part of the female
stay green and midge-resistant gene pool in the QDPI and Austra-
lian seed industry breeding programs (Henzell et al. 1997).

Field trials and phenotypic data collection

Field trials in this series of experiments were conducted across
seven sites and three growing seasons, 1994-95, 1995-96 and
1996-97 (Tao et al. 1999). Phenotypic data for stay green was tak-
en from five of the trials in which sufficient water stress was ob-
served. These were Hermitage-G, Biloela-2, Dalby, Hermitage-E
and Bongeen, and coded as HG-95, BI-96, DA-96, HE-96 and
BO-97. The trials were planted as two replicates of an alpha de-
sign with five plots per block, and 36, 30, 33 blocks in 199495,
1995-96 and 1996-97 respectively. The plots were double-row
(5.5 mx0.7 m), organised in a two-dimensional array of up to ten
columns and 60 rows, where the direction of rows was across the
narrowest dimension of the plots. For each plot, stay green was vi-
sually scored 2 weeks before harvesting, based on a 1-9 rating
system, where a rating of 1 indicates no senescence and 9 indi-
cates complete plant death.

Statistical analysis

The model for the data combined across all trials, y(™3 is
y=XT1+Zu+e,

where Tt(*1) is a vector of fixed site effects, u®*d is a vector of
random genotype effects, X(™V and Z(mb) are the associated design
matrices, and e is the vector of residuals. The joint distribution of
the random components is assumed to be normally distributed,
with mean zero and variance matrix

02[68/) R?co)]'

where y and @ are vectors of variance parameters. The distribution
of the complete datay is then

y~N[XT1,0%(ZGZ +RI].

In the analysis of multi-environment trials there are many forms
for the matrices R and G as given by Cullis et al. (1998). These
matrices reflect the spatial covariance of plot errors from each trial
and the variance structure of the genetic factors in the model re-
spectively. Selection of an appropriate model for a spatial trend in
the trials followed the method of Gilmour et a. (1997), who as-
sessed the sample variograms and tested REML (Patterson and
Thompson 1971) log-likelihood ratios. The data were analysed us-
ing ASREML (Gilmour et al. 1995). Best linear unbiassed predic-
tions (BLUPSs) and standard errors were obtained for the genotype
by environment interaction effects. Overall genotype effects were
estimated using the approach of Smith et al. (1998).

Map construction

A genetic linkage map was previously developed on the same RIL
population (Tao et al. 1998). An additional 118 markers, including
17 SSR and 101 RFLP markers, were identified and mapped onto
the map in this study. The RFLP and SSR methods and procedures
for map construction are as described previously (Tao et al. 1998).

QTL analysis

MapQTL (Van Ooijen and Maliepaard 1996) was used for QTL
analysis in this study. Both non-parametric mapping and interval
mapping were conducted separately on each phenotypic data set to
identify genomic regions associated with stay green. For the non-
parametric mapping method, the rank sum test of Kruskal-Wallis
was conducted. A stringent significant level of 0.005, as suggested
by the authors of the program, was applied to identify the loci with
genetic effects on stay green. For interval mapping, a LOD thresh-
old of 2.4 was used to claim the presence of a putative QTL in a
given genomic region. This threshold level corresponds to atest of
presence of a QTL at the 0.05 level of significance according to
the "sparse-map” case (Lander and Botstein 1989; Van Ooijen
1992).

Results
Linkage map

In our previous report (Tao et al. 1998), using the same
RI population, a total of 155 RFLP, eight SSR and three
simply inherited morphological trait loci were mapped
onto 21 linkage groups. In this study, the additional 118
markers were mapped and resulted in atotal of 311 loci,
including 281 RFLP, 25 SSR and five morphological loci
on the map. RFLP markers include cereals anchors,
maize, sorghum, and sugarcane probes. SSR markers
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Fig. 1 Sorghum genetic map of the recombinant inbred popula
tion derived from the cross QL39xQL41. Regions associated with
stay green are indicated in the blocked bars

were all generated from sorghum SSR primers (Tao et al.
1998). Morphological markers included avn (AW), me-
socarp thickness (2), pericarp colour intensified gene (1),
seedling colour (SDCR), and organophosphate insecti-
cide reaction (OPR), respectively.

In most cases, the outcome of this new mapping was
very consistent with the previous results in terms of both
genetic distance and the order of loci. Some linkage
groups previously mapped were joined together, thus the
number of linkage groups was reduced from 21 to 14.
Another three new linkage groups with two or three loci
and one new group with six loci were also formed. By
using reference markers from other published sorghum
maps, ten linkage groups were formed and named in
terms of the same designations as listed in the maps of
Chittenden et al. (1994) and Lin et a. (1995) (Fig. 1,
Table 1). Previously mis-labelled probes in three cases
were aso found and corresponding loci names were thus
corrected in the present map.
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Phenotypic data for stay green

The phenotypic data for stay green were collected from
all trials and the range of stay green ratings varied from
trial to trial. At DA-96, the stay green rating ranged from
5.4 to 8.4, while at trial HE-96 the stay green scored
from 2.6 to 7.2. The range of stay green scores at the
other three trials were between the DA-96 and HE-96 tri-
as, from 4.2 to 8.3 at BI-96, from 2.9 to 6.7 at BO-97,
and from 3.7 to 6.1 at HG-95 respectively. In general, the
stay green rating for QL41 was lower than the QL 39, al-
though the differences between these two lines were
smaller in the trials DA-96 and HE-96 (Fig. 2).

GxE interaction

The aim of the multi-environment trial analysis was to
obtain the most precise estimates of genotype perfor-
mance to include in the subsequent mapping procedure.
The model for genotype by environment interaction esti-
mated a separate genetic variance for each site, and al-
lowed genetic correlations to vary between pairs of sites
(Table 2), following the factor analytic approach of
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Fig. 2 Histograms illustrating the frequency of stay green scores for the 160 RILs in the data of five individual field trials: BI96, BO97,
DA96, HE-96 and HG-95. Stay green scores for QL39 and QL 41 are indicated with open and solid arrows respectively

Table 1 Relationships between

; - Present Previous map, Chittenden et al. 1994, Pereriaet al. 1994, Xu et a. 1994
f,f,re%hg;n d?fefne?t;trgfgjéwel map Tao et al. 1999 Linet al. 1995 Dufour et al. 1997,
Bovin et al. 1999
A 4+16, 13+14 A G C
B 56 B F G, H
C 3 C C J A
D 21 D B E
E 10, 11+17 E | B
F 2 F D |
G 8+12, 15+20 G E E
H 7+18+19 H J D,M
I 1 I H B
J 9 J A D,M

Table 2 Parameter estimates from the model fitted to the geno-
type by environment interaction for stay green data across five
sites in Queensland

Site Error Genetic Genetic correlation

variance  variance

hg95 bi96 da96 he96

hg95  0.4033 0.3111
bi96 0.8071 0.8005 0.65
da9%6 0.6421 0.3891 0.45 0.69
he96 0.2595 0.4954 0.27 0.42 0.29
bo97 0.3819 0.6265 0.52 0.80 0.56 0.34

Smith et a. (1998). In addition, the model alowed for
heterogeneous error variances at each site, and an autore-
gressive component for the two-dimensional spatial
structure was required at three of the five sites (Table 2).
Although staygreen was measured as a rating, the residu-
al plots did not appear to violate the normality assump-
tion.

The estimates for genetic correlation between pairs of
sites, which range from 0.29 to 0.80, indicate a signifi-
cant level of genotype by environment interaction. An
overall genetic effect estimated from this model may not
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Fig. 3 LOD-likelihood plots of linkage groups A, B, G and | for
stay green

provide an adequate representation of stay green at any
one particular site due to the high level of genotype
by environment interaction. Consequently, QTLsS were
mapped to each trial individualy.

QTLs associated with stay green

Interval QTL mapping was performed with MAPQTL
for the data sets from each individual site. Genetic re-
gions with a LOD score greater than the threshold of 2.4
were then identified as QTLs associated with stay green.
In BI-96, three QTLs associated with stay green were
found and are located on LG B, LG G and LG I. They
accounted for 14.1%, 10.9% and 11.2% of the variation
respectively. In BO-97, two QTLs were identified, and
are located on LG B and LG I, accounting for 14.0%
and 10.7% of the variation respectively. In DA-96, two
QTLs associated with stay green were found and are lo-
cated on LG A and LG I, accounting for 15.3% and
10.3% of the variation respectively. In HE-96, only one
QTLswas identified and was located on LG B, account-
ing for 14.5% of the variation. In HG-95, two QTLs
were identified and are located on LG A and LG C, ac-

counting for 15.1%, and 13.1% of the variation respec-
tively (Table 3).

The QTL region on linkage group B was consistently
identified from three trias, BI-96, BO-97 and HE-96,
and the region on linkage | was also identified from
three trials, BI-96, BO-97 and DA-96. However, the re-
gion of linkage group G was only supported by trial
BI-96. The region of LG A was identified from two tri-
as, DA-96 and HG-95 (Fig. 3) and the region of LG C
was identified only in HG-95 (data not shown).

For the non-parametric mapping method, the Kruskal-
Wallis test (the non-parametric equivalent of one-way
analysis of variance) was conducted for each trial and a
significance level of 0.005 was applied to identify the lo-
ci with genetic effects on stay green. In agreement with
the results from interval mapping, the loci with the high-
est level of significance identified are in the same re-
gions of linkage groups A, B, C, G and |. These loci are
CDO460 and SSCIR165 in LG A, MB6-84 and TS136
in LG B, TXS1537 and ST982 in LG C, TXS654 and
TXS943in LG G, and ST1668 and TXS558 in LG | re-
spectively (Table 3).

For the loci in regions of linkage groups B, G and I,
the phenotypic means of lines with the QL39 genotype
was greater than the phenotypic means of lines with the
QL41 genotype. This suggests that these regions, associ-
ated with stay green, were inherited from QL41. Howev-
er, for the loci in the regions of linkage group A and C,
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Table 3 Locations and effects

of QTLs affecting stay green Interval LG Significant level3LOD score (% variation explained)
detected from both non-
parametric mapping, indicated BI-96 BO-97 DA-96 HE-96 HG-95
by significance level, and inter- rrerre rrrr
val mapping, indicated by CDO460
LOD score and the percentage A 3.88 313
of variation explained SSCIR165 (15.3%) (15.1%)
*kkkkkk*k *kkkkk
MBG_84 *kkk*k *kkkk *kkkkk
B 3.39 3.47 371
TS136 (14.1%) (14.0%) (14.5%)
*kkkkk*k *kkkk *kkkkkkk
TXS1537 Fok ok k ok
C 3.08
ST982 (13.1%)
kkkkk*k
TX%54 *kk*k
G 2.46
TXS943 (10.9%)
*kk*k
S'I'1668 *k k% *kkkk *kkkk
o | 2.76 2.70 25
2 Significance levels: ***: 0.01;  Tx s558 (11.2%) (10.7%)  (10.3%)

****-0005-*****-0001-
woeexss 00005

*kkk *kkkkk *k Kk

the phenotypic means of lines with the QL39 genotype
was less than the phenotypic means of lines with the
QL41 genotype (data not shown). This implies that the
significant stay green regions on linkage group A were
derived from the senescent parent QL 39.

Discussion
Relationships of different sorghum maps

A number of sorghum genetic maps have been estab-
lished since the beginning of the 90s and some of these
maps have been used for identifying QTLs for different
traits in sorghum. Aligning these maps is obviously im-
portant in allowing researchers to share information, but
this has been difficult. Previous attempts resulted in only
one-half of the linkage groups being unambiguously
aligned with other sorghum maps. The reasons for this
include the large number (21) of linkage groups, the lack
of sufficient common loci and the frequent inconsistency
in probe location (Tao et al. 1998).

Current attempts to align at least some of the sor-
ghum maps have been much more successful. This has
resulted from placing more markers on the map, reduc-
ing the number of linkage groups, and having more
common loci. For example there are 37, 31, and 31
common loci between the current map and the maps of
Xu et al. (1994), Lin et al. (1995) and Bovin et al.
(1999) respectively. The designations for linkage groups
as given in the maps of Lin et a. (1995) and Chittenden
et al. (1994) were used in this map. Corresponding des-
ignations used in maps developed from other groups are
shown in Table 1.

Regions for stay green

The QTL region on linkage group B was consistently
identified from three trias, BI-96, BO-97 and HE-96.
The region on linkage group | was confirmed by three
trials, BI-96, BO-97 and DA-96. That these regions do
contain genes for stay green is also strongly supported
by data from the pedigree-analysis study. This study
showed that both regions were derived from B35 (D.
Jordan, unpublished), the source of stay green in QL41,
which in turn is the source of stay green in the RILs used
in this study. The significance of these regions is en-
hanced by the fact that they have been retained through
four generations of crossing and phenotypic selection for
stay green (amongst other traits) in the QDPI breeding
program (D. Jordan, unpublished). This is consistent
with the successful use of QL41 as a source of stay green
in Australian sorghum breeding programs.

The region of LG A identified from two trials, DA-96
and HG-95, is very different from the regions mentioned
above because the significant genetic effect for stay
green was actually derived from the senescent parent
QL39. It is possible that this region is a real QTL for
stay green, but apparently not being expressed in QL 39
and having a different mechanism for stay green. It is
also possible that this region is linked with another
trait(s) that influences the expression of stay green in
some environments. This hypothesis will be explored in
a subsequent paper.

Seven genomic regions were found associated with
stay green from combined data analysis in a Rl popula-
tion derived from TX7078/B35 (Tuinstra et a. 1997).
However, only two of these regions with the highest lev-
els of significance were consistent across the two envi-



ronments in their study. It is difficult to align the regions
identified in the present study and in that of Tuinstra et
al. at this time because of the lack of common loci be-
tween the two maps. Different marker systems were used
for mapping, mainly RAPDs for their study and RFLPs
and SSRsfor the current study.

Marker-assisted selection for stay green

The success of marker-assisted selection is influenced
by the consistency of the expression of the genes linked
to the markers across environments within the target en-
vironment. It is desirable then to use multi-environment
testing to determine the phenotype of traits such as stay
green for which expression varies amongst environments
(Kang 1998). It is aso important that the multi-environ-
ments employed for phenotype testing actually sample
the target environment. The environments in the five tri-
als used in this study were representative of the most
common stress environment encountered by sorghum in
Australia. The consistency across the magjority of these
environments, and of the association of the regions on
linkage groups B and | with the expression of stay green,
provides added confidence in their real value for marker-
assisted selection in Australia.

It worth noting that there was arelatively small differ-
ence in stay green between the two parents of the segre-
gating population used in this study (Fig. 2), which is not
an ideal case for any genetic mapping. However, the
identification of several genomic regions in this popula-
tion indicated strongly the power of the approach of de-
tecting QTLs by the application of molecular markers on
RILs through multi-environment testing. Most mapping
populations are actually similar to the population used in
this investigation, because it is common to make crosses
between two inbreds which differ not only in the trait of
interest but which also segregate for other traits that con-
tribute to performance. Basicaly these populations are
the ones that are currently available and useful in plant
breeding programs and therefore contribute to the utility
of the identified markers.
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