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Abstract The already available comprehensive genome
sequence information of model crops along with the tran-
scriptomic resource from other crops provides an excellent
opportunity for comparative genome analysis. We studied
the synteny between each of the four major sorghum stay-
green quantitative trait loci (QTL) regions with that in the
rice genome and attempted to increase marker density
around the QTL with genic-microsatellites from the sor-
ghum transcriptomic resource using the rice genome as
template. For each of the sorghum QTL regions, the
reported RFLP markers were compiled, used for sequence
similarity searches against the rice genome which identified
syntenous regions on rice chromosome 1 for Stg/ and Stg2
QTL, on chromosome 9 for Stg3 QTL, and on chromosome
11 for Stg4 QTL. Using the Gramene genome browsing
tool, 869 non-redundant sorghum expressed sequence tags
(ESTs) were selected and 50 genic-microsatellites (18, 12,
15, and 5, for Stgl, Stg2, Stg3, and Stg4 QTL, respectively)
could be developed. We could experimentally establish
synteny of the Stgl, Stg2, Stg3, and Stg4 QTL regions with
that of the rice genome by mapping ten polymorphic genic-
microsatellite markers (20%) to the positions of the stay-
green QTL. The simple strategy demonstrated in the present
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study could readily be extrapolated to other cereals of the
Poaceae family. The markers developed in this study pro-
vide a basis for the isolation of genes underling these QTL
using an association study or map-based gene isolation
approach, and create an additional option for MAS of the
staygreen trait in sorghum.

Introduction

Different kinds of anonymous DNA-based markers have
been developed and used in higher plants during the last
two decades for a variety of purposes (Phillips and Vasil
2001). However, during the last few years, emphasis has
shifted towards the development of molecular markers
from the transcribed region of the genome in order to asso-
ciate the molecular polymorphisms of genes with pheno-
typic variability of agronomically important traits. The
construction of functional maps consisting of genes of
known function may allow verification if any of the
mapped genes is a good candidate for any of the mapped
quantitative trait loci (QTL) (Aubert et al. 2000).

The complete genome sequence information from model
crops such as rice and Arabidopsis, coupled with the tran-
scriptomic resources available from other crops provides an
excellent opportunity for development of gene based mark-
ers for targeted regions through comparative genome analy-
sis. The rice genome exhibits substantial colinearity with
the genomes of other grasses, such as sorghum, maize,
wheat, and barley (Ahn et al. 1993; VanDeynze et al. 1995;
Chen etal. 1997; Gale and Devos 1998; Tarchini et al.
2000). In spite of the enormous differences in genome size,
comparative genetic mapping using common DNA markers
has revealed that the relative location of markers and
mapped genes show remarkable conservation among the
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cereals, although numerous segmental duplications and
deletions have been observed (Helentjaris et al. 1988; Hul-
bert et al. 1990; Binelli et al. 1992; Chen et al. 1997; Vent-
elon et al. 2001). Thus, comparative mapping based on the
regions of microsynteny between two organisms provides a
powerful technique for enriching molecular markers in the
target regions of interest. This synteny-based marker satu-
ration approach of target regions using sequence informa-
tion from model crops such as rice and Arabidopsis and the
expressed sequence tag (EST) information available in
many crops has been demonstrated previously (Liu and
Anderson 2003; Perovic etal. 2004; Mammadov et al.
2005; Hwang et al. 2006).

The staygreen trait in sorghum, which is an important
component of the post-flowering drought resistance mecha-
nism (Rosenow and Clark 1981), is characterized by the
plant’s ability to maintain greater functional photosynthetic
leaf area during the grain filling stage even under severe
post-flowering drought stress. Sorghum genotypes with this
trait continue to fill their grain normally under drought
(Rosenow and Clark 1981) and exhibit increased resistance
to charcoal rot (Rosenow 1984) and lodging (Henzell et al.
1984). This trait is also reported to be associated with resis-
tance to diseases (Borrell and Hammer 2000), increased
cytokinin concentration (McBee 1984) and stem sugars in
basal nodes (Duncan 1984) in staygreen genotypes. Since
the correlation of the trait with drought tolerance and stover
quality were established, the genetic and physiological
basis of the trait has been studied by many authors using
different staygreen sources in sorghum (Tuinstra et al.
1997; Crasta et al. 1999; Subudhi etal. 2000; Xu et al.
2000; Tao et al. 2000; Kebede et al. 2001; Haussmann et al.
2002; Harris et al. 2007) and in other crops such as rice
(Cha et al. 2002; Jiang et al. 2004; Abdelkhalik et al. 2005),
soybean (Guiamet et al. 1990; Luquez and Guiamet 2002)
and Festuca pratensis (Moore et al. 2005).

In the present study, we adopted a comparative genom-
ics approach for the development of genic-microsatellites
in sorghum at the staygreen QTL regions, by integrating the
rice genome sequence information and the available sor-
ghum transcriptomic resource. QTL studies in sorghum
have resulted in the identification of several genomic
regions associated with the staygreen trait. Comparison of
all the staygreen QTL from Xu et al. (2000) and Subudhi
et al. (2000) along with results obtained by other workers
(Tuinstra et al. 1997; Tao et al. 2000) using B35 inbred line
as a staygreen source showed that four major QTL named
Stgl (SBI-03), Stg2 (SBI-03), Stg3 (SBI-02), and Stg4
(SBI-05) are consistent in different genetic and environ-
ment backgrounds and accounted for up to 53.5% pheno-
type variance (Subudhi et al. 2000). The Srgl, Stg2, and
Stg3 QTL were significantly correlated with the chlorophyll
content at physiological maturity and were observed to
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overlap with the QTL for chlorophyll content (Subudhi
et al. 2000). Significantly, the recent study by Harris et al.
(2007), which reported on near-isogenic lines (NILs) devel-
oped for the same four staygreen QTL (Stg/-Stg4) using
BTx642 (formerly B35) as the staygreen donor, has shown
that these staygreen QTL individually reduce the post-flow-
ering drought-induced leaf senescence in the recipient
senescent genetic background of RTx7000.

These four staygreen QTL, which are expressed in
different genetic studies, are all flanked primarily by RFLP
markers. As RFLP markers are cumbersome, it is pertinent
to explore the availability of microsatellite markers owing
to their ease for deployment in marker assisted selection
(MAS). A limited number of PCR-based microsatellite
markers are already available at these QTL regions, follow-
ing the compilation of the genomic SSRs from other map-
ping studies reported in sorghum. Therefore, with a long
term goal of isolation of genes underlying these QTL
through map-based cloning, candidate gene or an associa-
tion study approach (Prioul et al. 1999; Thornsberry et al.
2001), our aim was to increase the marker density around
the staygreen QTL using sorghum ESTs. This would enable
high resolution mapping of the QTL for map-based gene
cloning, and the development of functional markers (FM),
besides providing additional microsatellite markers for
these QTL for MAS of the staygreen trait in sorghum.

Materials and methods

Identification of sorghum-rice staygreen syntenous regions
through in silico mapping

For each QTL, the reported flanking RFLP markers were
listed, other RFLP markers located in and around the QTL
were collected, the corresponding DNA sequences were
obtained from the NCBI and other databases (www.cytom-
aize.org) and mapped on to the rice genome by “virtual
Southern blot” based on similarity searches (Salse et al.
2004) using BLASTn tools with their standard servers’ set-
tings (http://www.gramene.org/Multi/blastview; http://www.
ncbi.nlm.nih.gov/blast/).

An E value of <1071” was adopted to claim a significant
match between RFLP sequence and the rice genome. In
cases, hits with 107'° < E value < 10~* were also consid-
ered to be syntenous with the rice genome when consistent
with the QTL synteny results. A marker giving a single
BLAST hit was given priority for synteny identification and
assigned to a chromosomal position on the rice genome.
When multiple BLAST hits were noted, the marker hit
showing the best colinearity with the staygreen QTL region
was given priority. Rice chromosomes hosting at least two
marker positions consistent with those of the sorghum map
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were considered syntenous. Finally, syntenous regions were
defined based on the number and relative order of markers
supporting colinearity with the staygreen QTL regions.

Development of EST-SSR markers

The Gramene genome browsing tool (http://www.gram-
ene.org/genome_browser/index.html) is a comparative
genomics tool which allows users to move along the rice
genome back and forth using the navigation buttons provided
in the tool. It aligns ESTs and clusters derived from ESTs
from rice and other cereals (sorghum, maize, barley, sugar-
cane, wheat, and millets) on to the rice genome and also inte-
grate additional information relating to the genome. Using
the Gramene genome browsing tool, we surveyed the sor-
ghum EST clusters aligned between the in silico defined
flanking markers for each of the QTL region (described later)
by navigating the rice genome. A single EST sequence repre-
senting each of the sorghum EST cluster were manually
selected for marker development to avoid redundancy, and
its sequence was downloaded from the NCBI database. The
simple sequence repeat identification tool (SSRIT) (http:/
www.gramene.org/db/searches/ssrtool) was applied to iden-
tify simple sequence repeats (SSRs) from sorghum ESTs,
with parameters set to identify repeats up to decamers, with a
minimum of 5 repeats. The Primer3 software (http:/
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi)  was
utilized to design primer pairs flanking SSRs. The key
parameters set for primer design were as follows: primer
length 18-24 bp with 20 bp as the optimum; PCR product
size 100-300 bp; optimum annealing temperature 54°C; GC
content 35-60% with 50% as the optimum. The primers
were synthesized by MWG Biotech Pvt. Ltd, Bangalore,
India. The BLASTx tool (http://www.ncbi.nlm.nih.gov/
BLAST) was employed to search the non-redundant peptide
databases, using the default settings for the assigning of puta-
tive functions. The marker nomenclature proposed by De
Vicente et al. (2004) was followed for the naming the mark-
ers developed in this study. The canonical name they pro-
posed consists of [Function][Lab Designator][Species][Type
of marker][serial # of clone]. Hence, the markers developed
in this study were named Stgnhsbml-Stgnhsbm50. The
marker name denotes staygreen (Stg), developed by NRCS-
Hyderabad (nh), in Sorghum bicolor (sb), a microsatellite
marker (m) and followed by serial # of clone.

DNA extraction, PCR, and electrophoresis

The genomic DNA was extracted using the CTAB method
(Saghai-Maroof et al. 1984). PCR reactions were set up in a
5 pL reaction in 96-well PCR plates (Axygen, PCR-96-HS-
C). Each PCR reaction contained 2—-4 pmol of primer,
1-4 mM MgCl,, 0.1-0.2 mM dNTP, 0.2 U Taq DNA

polymerase and 1x PCR buffer (Invitrogen S. Giuliano,
Milanese, Italy). Temperature cycling was carried out for
both genic and genomic microsatellite markers using the
Bio-Rad iCycler version 3.3032 and touch-down PCR
amplification: one 15-min denaturation cycle, followed first
by ten cycles of 94°C for 10 s, 61°C for 20 s (reducing 1°C
per cycle) and 72°C for 30 s, then by 31 cycles of 94°C for
10 s, 54°C for 20 s, and 72°C for 30 s. After completion of
the 31 cycles, a final extension of 20 min at 72°C was
included to minimize the +A overhang (Smith et al. 2000).
PCR products were separated on a Bio-Rad Sequi-Gen™
sequencing electrophoresis apparatus in 5% polyacryl-
amide gel containing 8 M urea and 1x TBE buffer at 80 W
of constant power. The DNA fragments were visualized by
silver staining (Fritz et al. 1999) and scored as either paren-
tal (A or B), heterozygous (H), or missing data (—).

Mapping of EST-SSRs on sorghum linkage map

In all, 236 genomic-microsatellites and 50 genic-microsat-
ellite markers were considered for screening polymorphism
between parents 296B and IS18551 of 168 F, recombinant
inbred lines (RILs). The total of 118 polymorphic markers
which consisted of 108 genomic-microsatellites and 10
genic-microsatellites were used for genotyping the RILs.
Additionally, the genomic-microsatellites developed by
Brown etal. (1996), Taramino et al. (1997), Kong et al.
(2000), and Bhattramakki et al. (2000) were selected based
on their positions on linkage maps and used for construc-
tion of the frame-work map for 296B x IS18551. The com-
puter software JOINMAP 3.0 (Van Ooijen and Voorrips
2001) was utilized for map construction. The allocation of
markers to linkage groups was mostly stable for a wide
range of LOD grouping thresholds (from <4.0 to >7.0).
More stringent parameter settings were not applied where
the marker location were already known from the earlier
published reports. The Kosambi mapping function was
used to convert recombination into the genetic distance
(Centimorgans, cM). A “ripple” was performed after three
marker additions/insertions. The “jump” and “triplet”
thresholds were set to 4 and 9, respectively. The goodness-
of-fit of the constructed maps reflecting the discrepancy
between final recombination frequencies in the map and
those apparent from individual marker data pairs, was
expressed as a chi-square value and computed according to
Stam and van Ooijen (1995). We have used the nomencla-
ture proposed by Kim et al. (2005) throughout this paper.

Alignment of the linkage groups and consensus map
construction around the staygreen QTL

As our linkage map consists wholly of SSR markers, and
the QTL reported by Xu et al. (2000) and Subudhi et al.
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(2000) are RFLP based linkage maps, we initially aligned
these linkage groups harboring the QTL on to the high den-
sity reference maps of Menz et al. (2002), and Bhattra-
makki et al. (2000) with common bridging RFLP markers
mapped between them. Further using the common genomic
SSRs that were mapped between our linkage map and that
of Menz et al. (2002) and Bhattramakki et al. (2000), we
aligned our frame work map, along with the newly mapped
genic-microsatellite markers, with the corresponding link-
age groups. Finally, for each staygreen QTL region, all
RFLP and SSR marker that are reported and mapped were
compiled and used for the construction of consensus map
around the respective QTL (Fig. 1).

Results

Identification of rice genomic regions syntenous
to sorghum staygreen QTL

Xu etal. (2000) and Subudhi etal. (2000) genetically
mapped the Stg/ QTL on SBI-03, which maps near RFLP
markers BNL15.20 and BNL6.16 between the flanking
markers NPI414-TXS1114 (Fig. 1A). Two RFLP markers
(BNL 15.20 and TXS584) are common between the SBI-03
and the corresponding linkage group of reference maps. Nine
genomic SSRs are common between the linkage group of the
above reference maps (Bhattramakki et al. 2000; Menz et al.
2002) and the corresponding SBI-03 of our map (Fig. 2a).
Finally, using the consensus map developed for the Stg/
QTL region using Menz et al. (2002) and Bhattramakki et al.
(2000) reference maps as a base, the RFLP markers HSP70
and UMCI17 were selected as flanking markers for the QTL
region since these markers flanks all the reported markers for
the QTL at the proximal and distal end, respectively.

The Stg2 QTL maps on the same LG, SBI-03, between
RFLP markers WG889 and TXS584 (Fig. 1A). Since the
sequence of TXS584 was not available, the next RFLP
marker CD0920, whose sequence is known, was selected
and the QTL was bracketed between these markers
WG889-CD0920.

The Stg3 QTL was reported on SBI-02 by Xu et al.
(2000) and Subudhi et al. (2000) between the RFLP mark-
ers UMC5 and UMCI116 (Fig. 1B). Three RFLP markers
(UMCS5, TXS1111, and UMC116) are common between
this linkage group and the corresponding SBI-02 of Menz
et al. (2002) and Bhattramakki et al. (2000) (Fig. 2b). The
number of common genomic SSR markers between the
linkage group SBI-02 of Menz et al. (2002) and Bhattra-
makki et al. (2000) and corresponding linkage group of our
map are 15. Using the consensus map developed for the
Stg3 QTL region, the RFLP markers UMC139 and UMC22
were selected for bracketing the QTL region.
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The Stg4 QTL was identified on linkage group SBI-05
near the RFLP markers TXS387, TXS1628, TXS713 and a
morphological marker rcb (Fig. 1C). This linkage group has
three common RFLP markers (TXS722, TXS713, and
TXS387) between the corresponding linkage group of
Bhattramakki et al. (2000) (Fig. 2c). Eight genomic SSRs
are common between the linkage group of our study and
SBI-05 of Bhattramakki et al. (2000). The staygreen QTL
was bracketed between the RFLP marker TXS387 and a
morphological marker “rcb”. However, the sequence was
not available for the RFLP marker at the proximal end and
the presence of morphological marker at the distal end, the
next RFLP marker UMC52 was selected at the proximal
end and the RFLP marker RZ900 reported by Crasta et al.
(1999) as a flanking marker to the staygreen QTL in B35 x
Tx430 population was selected at the distal end.

Thus, the RFLP markers bracketing the QTL, HSP70-
UMCI17 (for Stgl QTL region), WG889-CD0920 (for Stg2
QTL region), UMC139-UMC22 (for Stg3 QTL region), and
UMC52-RZ900 (for Stg4 QTL region), were selected and
used as queries for BLASTn similarity searches against the
rice genome to identify putative syntenic regions. In addi-
tion, other RFLP and SSR markers in and around the QTL
region, whose sequences were available, were utilized for
the final confirmation of syntenic regions. For Stg/ QTL, out
of 15 RFLPs compiled, seven markers whose sequence was
available were tested in BLASTn hits and all markers were
hit on rice chromosome 1 spanning a region from 28 to
37.1 Mb (Fig. 1A-a). The Xtxp38 genomic-microsatellite
was also included for in silico analysis for the Stg/ QTL by
using the sequence of its maize homologue (AF036949)
(Bhattramakki et al. 2000). Four of the eleven markers listed
for the Stg2 QTL whose sequence was known were
employed in the in silico analysis. As four markers hit rice
chromosome 1, we defined a region on rice chromosome 1
spanning 21.6—27.3 Mb to be syntenic to the Stg2 QTL. Out
of 13 RFLP markers compiled for the Stg3 QTL only seven
RFLP markers were sequenced, of which four markers were
discarded in the analysis due to the lack of synteny with the
rice genome, and hence only the remaining three RFLPs and
an AFLP (Xtxa482) marker near UMC139 were considered
for BLASTn in silico analysis. Although AFLP markers are
not ideal for comparative genome analysis, the Xtxa482
marker bracketing the QTL at the proximal end was
included in syntenic analysis as its position on the rice
genome could be determined using its homologous rice EST
(AU032483) that was reported by Childs et al. (2001) using
a cDNA selection technology. As all four markers were hit
on rice chromosome 9 covering a region from 14.8 to
20.4 Mb, this region was considered as syntenic to the Szg3
QTL (Fig. 1B-b). Six sequenced RFLP markers were con-
sidered for syntenic region identification for the Szg4 QTL;
only two RFLPs were homologous to the rice chromosome
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Fig. 1 A, B, and C are sorghum consensus maps SBI-03, SBI-02, and
SBI-05 developed for the Stgl &Stg2, Stg3, and Stg4 staygreen QTL re-
gions, respectively, using compiled RFLP, genomic SSRs from the
high-density reference map of Menz et al. (2002), staygreen QTL re-
ported by Xu et al. (2000) and Subudhi et al. (2000), and genic and
genomic SSRs of this study. The black bar indicates the QTL region on
the linkage group. The symbols (#) indicate the RFLP and (%) geno-
mic SSRs, that served as backbone markers for the construction of the
consensus map. Asterisks (*) indicate the genic-microsatellite markers
mapped in this study. The filled square denotes an AFLP marker. The
genomic SSR marker mapped in this study, whose position previously
was not reported, is indicated with a symbol ($). The symbol (&) indi-
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cate the morphological marker “rcb”. Dotted and bold lines connecting
sorghum RFLP and EST derived SSR markers, respectively, with the
rice physical map indicate the syntenic rice BAC/PAC clones harbor-
ing the homologous genes or ESTs and their corresponding positions
on the rice chromosome a, b, and ¢, are partial physical maps of homol-
ogous rice chromosomes syntenous to the sorghum Szg/ &2, Stg3, and
Stg4 staygreen QTL, respectively. The double headed arrow shows the
selected rice genomic region for the in silico selection of ESTs for
marker development. The scales to the left of the sorghum and rice
maps indicate map distances in centiMorgans (Kosambi function).
Arrowheads at the top and bottom of the maps direct towards the flank-
ing genomic regions
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<« Fig. 2 a, b, and ¢ show alignment of linkage groups SBI-03, SBI-02,

and SBI-05 of two sorghum reference linkage groups (Bhattramakki
et al. 2000; Menz et al. 2002) with the corresponding linkage groups
developed in this study using the RIL mapping population of the cross
296B x IS18551 for sorghum Stgl&Stg2, Stg3, and Stg4 staygreen
QTL regions, respectively. The marker positions on the linkage groups
of Bhattramakki et al. (2000) and Menz et al. (2002) are drawn at an
approximate scale. Selected markers were shown on the linkage groups
of Bhattramakki et al. (2000) and Menz et al. (2002) for the staygreen
QTL regions that were used in consensus map constructions for clarity.
The markers in bold are new genic-microsatellite markers mapped to
the positions of staygreen QTL regions. The new genomic SSR marker
mapped for the Stg/ QTL, whose position was not reported earlier, is
indicated by a symbol ($). Solid lines unite anchor genomic SSR mark-
ers that mapped between this study and maps of Bhattramakki et al.
(2000), Menz et al. (2002). The dotted line unites the RFLP marker
UMCS5 with its overlapping genic-microsatellite marker mapped in this
study. The black bar indicates the position of the staygreen QTL region
with respect to the linkage groups. The scales indicate map distances
in centiMorgans (Kosambi function). Arrowheads at the top and bot-
tom of the maps direct towards the flanking genomic regions of indi-
vidual linkage groups

11 covering a region from 3.7 to 14.8 Mb whereas the other
four markers did not yield homologous sequences in rice.
Due to the low marker resolution for the Stg4 QTL, com-
bined with the flanking markers distance from the target
region, we roughly confined the target QTL region between
rice markers RG118-G44, which spanned a region from bp
4.3 t0 9.7 Mb (Fig.1C—c). The summary of markers used for
the identification of syntenous regions and their correspond-
ing positions on the rice genome is provided in Table 1.
Based on this in silico analysis with rice we defined the
Stgl QTL to a 21.1 cM (122.1-143.2 cM) interval on rice
chromosome 1; Stg2 QTL to 26.7 cM (87.4-114.1 cM) on
chromosome 1; Stg3 QTL to 28.4 cM (50.7-79.1 cM) on rice
chromosome 9; and Stg4 QTL to 34 cM (20.3-54.3 cM) on
rice chromosome 11. The QTL, bordered by the proximal
and distal BAC clones AP003241-AP003254 for Stgl;
AP003760-AP003141 for Stg2; AP005636-AP005682 Stg3;
and AC128644-AC120308 for Stg4 were then utilised for
SSR marker development. The BAC/PAC clones (Release 5
of the TIGR Rice Pseudomolecules) and their corresponding
positions on rice chromosomes syntenous to the four sor-
ghum staygreen QTL can be seen in the website (http:/
www.tigr.org/tdb/e2k1/osal/pseudomolecules/info.shtml).

Genic-microsatellite marker development

Of the 869 ESTs selected in the intervals of targeted synt-
enous regions of rice for microsatellite development, 93
ESTs were detected with microsatellite motifs, and with
only 50 EST sequences suitable for primer design for the
regions flanking the microsatellite motifs. Consequently, a
total of 50 genic-microsatellite primer pairs (designated
Stgnhsbm1-50), could be developed, that is, 18, 12, 15, and

5, for Stgl, Stg2, Stg3, and Stg4 QTL regions, respectively.
Among the 50 EST-SSR markers the most common repeat
type was di-nucleotides (46%) followed by tri-nucleotides
(38%) and tetra-nucleotides (4%). Six (12%) ESTs con-
tained two adjacent SSR repeats (Compound SSRs).
BLASTX analysis for assigning putative functions of these
50 EST revealed that 39 EST (78%) showed significant
homology to previously characterized genes, most belong-
ing to transcription factor families, signaling cascade, pho-
tosynthesis and drought related metabolism. A total of 11
EST (22%) did not show homology to known characterized
genes. The primer sequence information and summary of
the putative functions of the 50 EST used in this study is
provided in Table 2.

Genetic mapping of EST-SSRs for Staygreen QTL

With the exception one primer pair (Stgnhsbm?29) all genic-
microsatellite primer pairs developed in this study ampli-
fied PCR products of the expected sizes. The unexpected
product size of the marker Stgnhsbm29 may be attributed to
the possible presence of intron sequences in the genomic
DNA between the primer sites. Most of the primers devel-
oped amplified informative products when used to screen
our mapping population. In cases where the markers pro-
duced multiple bands we considered only the band of the
expected size to avoid ambiguity. In all, of the 50 genic-
microsatellites tested, ten genic-microsatellites (20%) were
found to be polymorphic when used to screen the parental
lines 296B and IS 18551. Polymorphic markers were tested
for linkage analysis using the framework linkage map of
108 genomic-microsatellites produced by JOINMAP ver-
sion 3.0 (Van Ooijen and Voorrips 2001). The positions of
genomic-microsatellite markers in the final linkage map
produced in this study are in close agreement with that of
Menz etal. (2002) and Bhattramakki etal. (2000)
(Fig. 2a—c). In one instance for the Stg4 QTL we could
observe change in marker order for three consecutive geno-
mic SSRs (Xtxp225, Xtxp299, and Xtxpl5) between SBI-
05 of our study and SBI-05 of Bhattramakki et al. (2000).
However, the order of these markers is in agreement with
SBI-05 of Menz et al. (2002) (Fig. 2c). All ten genic-micro-
satellite markers were mapped to their expected target loca-
tions, based on the in silico mapping results.

For the identification of the locations of newly mapped
genic-microsatellites with respect to the staygreen QTL,
consensus maps were constructed for the four staygreen
QTL regions using the marker data generated in this study
and common RFLP and genomic-microsatellites compiled
from different individual linkage groups (Crasta et al. 1999;
Xu et al. 2000; Subudhi et al. 2000; Menz et al. 2002;
Bhattramakki et al. 2000). The mapping of the genic-
microsatellites between the genomic-microsatellites known
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Table 1 Sorghum RFLP and genic-microsatellite markers and syntenous rice BAC/PAC clones and their corresponding positions on rice chro-

mosomes

Staygreen Marker Gene bank Marker Sorghum Rice BAC/  Rice Start End E value
QTL accession type LG PAC clone  chromosome
Stgl Xtxp38* AF036949 SSR 3 AP003794 1 37177456 37177728  2.00E-102
(Maize
homologue)
HSP70 U41653 RFLP 3 AP003241 1 36034487 36036152  0.00
NPI414 AY772453 RFLP 3 AP003252 1 35505782 35506058  1.00E-42
UMC7® umc7.x3.b RFLP 3 AP003221 1 33948177 33948660  0.00
BNL15.20° bnl15.20.x4.b RFLP 3 AP003406 1 33221743 33222034  6.00E-37
BNL6.16 G10769 RFLP 3 AP003224 1 33059732 33060048  2.00E-129
UMC17 AY771218 RFLP 3 AP003254 1 28949401 28949599  2.00E-63
CDO470 AA231703 RFLP 3 AP004363 1 28076243 28076384  7.00E-30
Stgnhsbm?2 CX616697 SSR 3 AP003245 1 29125764 29126080  1.00E-39
Stgnhsbm3 BG464180 SSR 3 AP003245 1 29126746 29126854  3.00E-36
Stgnhsbm7 CB925941 SSR 3 AP003410 1 29599165 29599586  1.00E-106
Stgnhsbm9 CD223691 SSR 3 AP003142 1 30408775 30408515  7.00E-50
Stgnhsbm17  CF760991 SSR 3 AP003315 1 35307976 35308105  5.00E-20
Stg2 CD0920 BE439196 RFLP 3 AP003141 1 21698637 21698871  1.00E-24
UMC63 DQ123897 RFLP 3 AP004367 1 23452278 23459980  5.00E-39
CDO1160 AA231698 RFLP 3 AP003710 1 26388059 26388314  4.00E-12
WG889 BH854380 RFLP 3 AP003760 1 27369347 27369666  2.00E-49
Stgnhsbm21  CN127248 SSR 3 AP003328 1 24702438 24702517  1.00E-20
Stg3 UMC5 AY771216 RFLP 2 AP005419 9 16403432 16403619  5.00E-33
UMC22° umc22.x3.b RFLP 2 AP005682 9 20473447 20473541  1.00E-04
UMC88° umc88.x3.b RFLP 2 AP005682 9 20474538 20474088  6.00E-68
Xta482% AU032483 AFLP 2 AP005636 9 14867285 14869977  4.00E-08
(Rice EST
homologue)
Stgnhsbm31  CF761081 SSR 2 AP005633 9 18393851 18394067  4.00E-16
Stgnhsbm36  CN137941 SSR 2 AP005891 9 17345381 17346134  1.00E-30
Stgnhsbm44 ~ CD221844 SSR 2 AP005419 9 16403430 16403646  2.00E-43
Stg4 UMC52 DQ123899 RFLP 5 AC128644 11 3740314 3739669 9.00E-13
RZ900 AA231825 RFLP 5 AC131752 11 14844254 14844358  6.00E-46
Stgnhsbm47 ~ AW745398 SSR 5 ACI137993 11 7381621 7381762 2.00E-53

? TIndicates the markers their positions on rice chromosomes deduced by using their homologue sequences (Bhattramakki et al. 2000; Childs et al.

2001)

® Indicates RFLP markers whose sequences were taken from www.cytomaize.org

to flank the QTL confirms the linkage with the QTL. The
map locations of newly developed EST markers for QTL
were further confirmed by using BLASTn similarity
searches of EST markers along with RFLP markers in the
QTL region against the rice genome.

For the Stgl QTL, which is reported to be tightly linked
to the RFLP markers BNL15.20, BNL6.16 on SBI-03
(Subudhi et al. 2000; Xu et al. 2000), five EST markers
(Stgnhsbm?2, Stgnhsbm3, Stgnhsbm7, Stgnhsbm9, and
Stgnhsbm17) were placed covering the QTL region on the
corresponding linkage group SBI-03 of our map. One geno-
mic-microsatellite marker (SBAGEO1) developed by Tara-

@ Springer

mino et al. (1997), whose position was previously unknown
was also mapped in the QTL target region. The BLASTn
searches of the genic markers Stgnhsbm2, Stgnhsbm3,
Stgnhsbm7, Stgnhsbm9, and Stgnhsbml17, along with
sequenced RFLP markers against the rice genome showed
that they are colinear and there was no DNA rearrangement
observed between the corresponding regions of the rice
genome (Fig. 1A-a).

Only one genic-microsatellite (Stgnhsbm21) out of
twelve developed for the Stg2 QTL was found to be poly-
morphic between the parental lines. As a result only this
marker was subsequently mapped near the genomic-micro-
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satellite Xtxp59. In silico analysis of the marker with rice
genome showed it was located on chromosome 1 between
the RFLP markers CDO1160 and UMC63 selected for the
Stg2 QTL.

Three markers (Stgnhsbm31, Stgnhsbm36, and
Stgnhsbm44) were mapped to the Szg3 QTL on SBI-02 and
they showed colinearity with the corresponding region on
rice chromosome 9. The BLASTn similarity searches of
UMCS and the marker Stgnhsbm44 against the rice genome
showed that they were positioned at the same point bp
1643432 on rice chromosome 9 with a highly significant £
value (2.00e—43) indicating that they are overlapping
markers and that we have successfully converted the RFLP
marker UMCS into a PCR based SSR marker. The marker
Stgnhsbm36 was positioned on rice chromosome 9 at
17.3 Mb, around 1 Mb away from UMCS, which could be
very tightly linked to the Stg3 QTL as it is mapped between
the RFLP markers UMCS5-UMCI116 which were reported
as flanking markers to the QTL by Xu et al. (2000).

The marker Stgnhsbm47 was mapped at the proximal
end to the Stg4 QTL, which was reported around the RFLP
marker TXS713 (Crasta et al. 1999; Subudhi et al. 2000;
Xu et al. 2000), on SBI-05 flanked by the nearby genomic
microsatellites Xtxp303, Xtxp30, and Xtxp225 at the proxi-
mal and distal ends, respectively (Fig. 1C-c). This was con-
firmed as Stgnhsbm47 marker mapped between the two
genomic-microsatellite markers (Xtxp30 and Xtxp225) on
to the corresponding linkage group SBI-05 of our map
(Fig. 2c). The BLASTn search of Stgnhsbm47 with rice
showed that this marker was positioned at 7.3 Mb on rice
chromosome 11.

Discussion

In this study, we targeted development of microsatellite
markers for the staygreen QTL using ESTs to provide addi-
tional options for MAS, development of FM (Andersen and
Liibberstedt 2003), and to create a base for high resolution
mapping of the QTL for map-based gene isolation.

We used the rice genome sequence information as the
template for the development of gene derived markers for
the four staygreen QTL in sorghum, which were identified
using RFLPs in a population derived from the cross B35 x
TX7000 (Subudhi et al. 2000; Xu et al. 2000). A total of 50
genic-microsatellite markers were developed, among them
ten polymorphic markers and a previously unmapped geno-
mic microsatellite (SBAGEO1) mapped to the regions of
staygreen QTL using our recombinant inbred line mapping
population (296B x IS18551). Since the genic markers
developed were not mapped in the same population (B35 x
TX7000) used by Subudhi etal. (2000) and Xu et al.
(2000), we confirmed the co-location of the mapped mark-

ers with the QTL by their linkage with genomic-microsatel-
lite markers which are known to be underlying the QTL
region from high density reference maps of Menz et al.
(2002) and Bhattramakki et al. (2000). Further, the identifi-
cation of syntenous regions on the rice genome for the
mapped of genic markers, along with the RFLP markers
reported to flank the QTL, confirmed the linkage of genic-
microsatellite markers with the QTL.

Genes encoding MYB related transcription factor (mark-
ers Stgnhsbm2 and Stgnhsbm3), putative cytidine deami-
nase (marker Stgnhsbm7), putative amino transferase
(marker Stgnhsbm9), and putative VHS2 protein (Marker
Stgnhsbm17) were mapped at regular intervals covering the
entire Stg! QTL region between the genomic-microsatellite
markers Xtxp38 and Xtxpl14, previously reported flanking
SSRs for the QTL region. A gene coding for SEC 13
(Stgnhsbm?21) was mapped to the position of Stg2 QTL.
For the Stg3 QTL, genes coding for plastid (p)ppGpp syn-
thase (marker Stgnhsbm44), and two unknown proteins
(Stgnhsbm31 and Stgnhsbm36) were localized along with
genomic SSRs Xtxpl and Xtxp56 positioned near the QTL
linked RFLPs UMC5-UMCI116. The BLASTn similarity
searches of the Stgnhsbm44 marker and reported UMCS5
RFLP marker for the Szg3 QTL showed that they are over-
lapping markers indicating conversion of the RFLP marker
into an SSR marker. The marker Stgnhsbm36 appears to be
very tightly linked to the QTL as it mapped between the
RFLP markers UMC5-UMCI116, reported as flanking
markers to the QTL by Xu et al. (2000). A gene coding for
PrMC3 protein (marker Stgnhsbm47) was mapped near the
Stg4 QTL at the proximal end near genomic-microsatellite
Xtxp225. For the Stgl QTL, genes encoding the MYB
related transcription factor (Stgnhsbm2 and Stgnhsbm3),
cytedine deaminase (Stgnhsbm7), and putative amino trans-
ferse (Stgnhsbm9) are known to be associated with leaf
senescence (Lee et al. 2001; Guo et al. 2004). A gene cod-
ing for SEC 13 protein (Stgnhsbm21) mapped at the Stg2
QTL is involved in protein trafficking and was known to be
up-regulated during senescence retardation by benzylade-
nine in Arabidopsis (Guterman etal. 2003). Detailed
genetic studies, such as association studies, are further
required to prove that the developed markers are the candi-
date genes underlying the QTL. The present study estab-
lishes the synteny of the sorghum Stgl&Stg2, Stg3, and
Stg4 staygreen QTL with that of genomic regions on rice
chromosomes 1, 9, and 11, respectively.

For development of the genic-microsatellite markers at
the QTL targets we utilized the Gramene genome browsing
tool for the selection of ESTs at the staygreen QTL regions,
unlike the in silico selection procedure utilized for the
development of markers at barley Rphl6 locus (Perovic
et al. 2004), which involves blasting of all available ESTs
on to the rice genome and subsequent clusterization of
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selected ESTs, in order to reduce the redundancy at the
syntenous region. The simple selection procedure used in
this study avoided blasting the 260634 sorghum EST
sequences that were available at the beginning of this work
against the rice genome. As we selected only single EST
sequences from each EST cluster in the target intervals, this
selection procedure further simplified the computational
work of assembling the sorghum ESTs into Tentative con-
sensus sequences (TCs) for the reduction of redundant
sequences. The reliability of this selection method was
experimentally proven by genetic mapping of all the poly-
morphic makers to the target QTL intervals.

Genomic rearrangements in syntenic regions appear to
be a common attribute at the DNA level among species
(Tarchini et al. 2000; Dubcovsky et al. 2001; Song et al.
2002). The in silico mapping of RFLP and genic markers
for staygreen QTL on to the rice genome showed that the
QTL regions appear to be colinear with the corresponding
genomic regions of rice especially at the Stg/, Stg2, and
Stg3 QTL (Fig. 1). It is to be noted that as this colinearity
was observed with the deployment of only a few markers,
minor rearrangements at the micro synteny level may have
gone unnoticed, as evidenced by the absence of homolo-
gous sequences in rice to some RFLP markers used in in
silico analysis.

The strategy described in the present study can be
extrapolated for the establishment of synteny between QTL
regions of targeted species with the rice genome and for
rapidly filling gaps in linkage maps of less-studied crops.
Moreover, mapping the genic-microsatellite markers at tar-
get regions, such as QTL, provide a basis for saturating
these regions with additional markers designed from
aligned EST sequences such as (1) development of cleaved
amplified polymorphic markers by digesting the PCR prod-
ucts, (2) designing of new primers at the conserved regions
of ESTs which flank the less conserved regions, such as
introns, (3) expressed sequence tag polymorphisms
(ESTPs) (4) single-stranded conformation polymorphism,
and (5) by the screening of single nucleotide polymor-
phisms (SNPs) through direct sequencing of PCR products;
all of which could serve the starting point for map-based
cloning of genes underpinning the QTL. Furthermore, this
strategy may have broad applications in the development of
FM for the important traits in less-studied cereals at the tar-
geted QTL regions by utilizing the functional information
at the syntenous rice genomic region.

As MAS for any trait requires the tight linkage of the
QTL with the markers, and as RFLPs are cumbersome for
this purpose, the new gene-derived SSR markers developed
in this study provide an additional option for the MAS of
the staygreen trait in sorghum. These markers also help in
anchoring sequences with sorghum BAC contigs of the
QTL regions and thereby create a base for the isolation of

@ Springer

underlying genes through a map-based gene isolation
approach. Additionally, the set of 869 ESTs selected should
be a useful resource for developing new molecular markers
for the staygreen QTL regions and provide a base for the
high resolution mapping.
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