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Construction of a genetic map in a sorghum
recombinant inbred line using probes
from different sources and its comparison
with other sorghum maps
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Abstract . A genetic map was established using 120 F5 sorghum recombinant inbred lines (RILs)
developed from a cross between 2 Australian elite sorghum inbred lines, QL39 and QL41. A variety of
DNA probes, including sorghum genomic DNA, maize genomic DNA and cDNA, sugarcane genomic
DNA and cDNA, and cereal anchor probes, were screened to identify DNA polymorphism between the
parental lines. Using 5 restriction enzymes, probe polymorphism levels were low (26 ·5%). A total
of 155 restriction fragment length polymorphism (RFLP) loci and 8 simple sequence repeat (SSR)
loci were mapped onto 21 linkage groups, covering a map distance of approximately 1400 cM. Genes
for 3 simply inherited traits, awns (AW), mesocarp thickness (Z ), and organophosphate insecticide
(OPR) reaction, were also mapped. The relationships between this map and other published sorghum
maps were reviewed and a comparison of major sorghum RFLP maps attempted. This comparison
is expected to enhance the effectiveness of existing mapping information and will facilitate efforts to
map agronomically important traits in sorghum.

Additional keywords: genome mapping, RFLP, SSR, RILs.

Introduction

Construction of a linkage map is the most fun-
damental step required for a detailed genetic study
and marker-assisted breeding approach in any crop
(Tanksley et al . 1989). Sorghum genome mapping
based on DNA markers began in the early 1990s,
and since then, several genetic maps of sorghum have
been produced. The first maps of sorghum were based
largely on DNA probes previously mapped in the
maize genome (Hulbert et al . 1990; Binelli et al . 1992;
Whitkus et al. 1992; Berhan et al . 1993; Pereira et al .
1994), and of these, only the map of Pereira et al . (1994)
is complete, with 10 linkage groups. More recently,
3 maps were produced using mainly sorghum DNA
probes (Chittenden et al . 1994; Ragab et al . 1994; Xu
et al . 1994), and another recently published sorghum
map was based on both maize and sugarcane probes
(Dufour et al . 1997). The map of Chittenden et al .
(1994) also contains 10 linkage groups. All of these
maps were developed using restriction fragment length
polymorphism (RFLP) markers and most of the map-
ping populations were F2 with the exception of the map
of Dufour et al . (1997) in which 2 recombinant inbred
line (RIL) populations were used for the construction

of a composite sorghum map. Although the above
maps are the only major published maps of sorghum,
some of the laboratories in which these early maps
were constructed, as well as other laboratories, have
continued to add additional markers to their maps, to
increase these map coverages, to reduce the number
of linkage groups, and to convert to RIL populations,
as reported at recent meetings such as the Plant and
Animal Genome Conference (Kong et al . 1997; Toure
et al . 1997).

In this paper, we report the construction of a
sorghum map using a RIL population and a wide
range of probe sources. Most of the loci in the present
map have been mapped onto these published maps.
In addition, we report the relationship between our
sorghum map and the 4 previously published sorghum
maps, as revealed by comparisons based on common
loci.

Material and methods

Plant material

Random F5 RILs (120) were derived from an F2 population
from the cross QL39×QL41. Both parental lines were developed
by the Queensland Department of Primary Industry (Henzell
1992; Henzell et al . 1994).
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Field trials and phenotypic data collection

All RILs were planted at the Queensland Department of
Primary Industries Gatton Research Station in 1994–95 as
single-row plots (5 ·5 m by 0 ·7 m) with 2 replications. Phe-
notypic data for awns and mesocarp thickness were collected
before harvesting. Leaf burn data were obtained a few days
after spraying with Lorsban R.

Awn

QL39 is awnless and QL41 has long awns. The RILs varied
for presence and absence of awns. The length of awns varied,
however, from weak awns to long awns. RILs with any visible
awns were recorded as awned.

Mesocarp thickness

The gene Z affects the thickness of the pericarp, its main
influence being on the mesocarp. QL39 has no mesocarp,
whereas the mesocarp is present in QL41. The RILs var-
ied for mesocarp thickness from absent to thick. This was
visually scored as absent (Z–) when the grain had a translu-
cent appearance, and present (zz ) when the grain had a dull
appearance.

Organophosphate insecticide reaction

Sorghum lines vary in reaction to insecticide. Those showing
no leaf necrosis are resistant and those with any necrosis are
susceptible. Susceptibility is dominant to resistance (Schertz
and Stephens 1966). QL39 is resistant and QL41 is susceptible.
The RILs showing no leaf necrosis were rated as resistant and
those with any necrosis were rated as susceptible.

Probe sources

A total of 627 DNA clones from 7 sources were used as
probes in the mapping study. The sources, codes, and number
of different RFLP probes are summarised in Table 1. For
most of the clones, a single insert of an expected size was
amplified after polymerase chain reaction (PCR), but multiple
inserts were amplified for some clones. These unexpected extra
fragments were excised from the gels separately and used as
anonymous probes in this study.

Single sequence repeat (SSR) primers

Seventeen SSR primer pairs were identified by Brown et al .
(1996) as detecting polymorphisms between sorghum lines.
These 17 primer pairs were then selected for genome mapping
in this study. The primers were synthesised by GIBCO/BRL
based on the sequence information provided by Brown et al .
(1996). A list of the primers and their codes is given in Table 2.

RFLP and PCR techniques

Leaf tissue was collected from the field for DNA extraction.
The detailed RFLP procedures were conducted as previously
described in Tao et al . (1996).

All PCR was performed on a thermocycler in 25 µL volumes
containing 10 ng sorghum genomic DNA, 10 pmol (50 ng) of
each primer, 5 mM MgCl2, 40 µM each dNTP, 1×PCR buffer
(50 mM KCl, 10 mM Tris–HCl pH (8 ·0), 10 mM NaCl, 0 ·01 mM

EDTA, 0 ·5 mM DTT, 0 ·1% TRITON X-100), and 1 ·3 units of
Taq DNA Polymerase (Biotech). The samples were subjected
to 40 cycles of denaturation for 1 min, annealing for 1 min,
and amplification for 1 ·5 min. Denaturation was performed
at 94◦C, anealing at 65◦C for the first 5 cycles, 60◦C for the
next 5 cycles, and 55◦C for the remaining 30 cycles. Extension
was performed at 72◦C. DNA fragments produced by these
amplifications were separated by electrophoresis in 2% agarose
gels and stained with ethidium bromide.

Linkage analysis

Linkage analysis was performed by means of MAP-
MAKER/EXP version 3 ·0 (Lander et al . 1987). The ‘group’
command with a minimum LOD score of 3 ·0 and maximum
distance of 30% recombination was used. Multipoint linkage
analysis on loci within groups was subsequently performed. For
each group, a 3-point linkage analysis was conducted followed
by the ‘order’ command. After all scores were checked, the
‘framework’ command for each declared linkage group was used
to construct the final map.

Results

Construction of a genetic linkage map for sorghum

Five restriction enzymes, DraI, EcoRI, EcoRV,
HindIII, and XbaI, were used to identify the probes
which produced RFLPs between the parental lines of
the mapping population. After autoradiography, it
was found that signals detected from hybridisations
using all heterologous genomic and most cDNA probes
were as strong as those detected from the sorghum
genomic DNA probes. Some of the sugarcane and
maize cDNA probes gave weaker but still scorable
signals. A total of 166 polymorphic probes were
identified after parental screening of all 627 clones.
The percentage of polymorphic probes varied with
different probe sources, ranging from 17% (maize
cDNA clones) to 32% (sorghum genomic DNA clones).

Table 1. Probe sources, number of markers produced, and percentage of polymorphic of probes
surveyed in this study

Source Code Number of probes/markers Percent
Screened Polymorphic Markers polymorphic
probes probes

Sorghum gDNA TXS 145 46 52 32
PSB 80 25 27 31

Sugarcane gDNA SSCIR 82 21 24 26
Sugarcane cDNA TS 45 9 10 20
Maize gDNA UMC/BNL 59 10 10 17
Maize cDNA ISU 66 19 21 29
Cereals RZ/CDO/BCD 150 36 38 24

Total/average 627 166 182 26 ·5
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The genomic DNA clones in general gave slightly higher
percentages of polymorphic probes than the cDNA
clones. The average percentage of polymorphic probes
is 26 ·5% (Table 1).

PCR products were obtained from all 17 SSR
primer pairs used for parental screening under the
same optimised PCR condition. After separation by
electrophoresis on 2% agarose gels, polymorphisms were
identified from the DNA fragments amplified from 10
SSR primer pairs (Table 2).

Table 2. A list of sorghum SSR primers surveyed and their
codes in this study

Asterisk indicates that primer produced polymorphic markers
in the mapping population. For sequence information refer to

Brown et al . (1996)

Primer ID Code Primer ID Code

*SBKAFGKI M-KA Sb 5–206 MB5–206
ZMADH2N M-H2N Sb 5–214 MB5–214
*Sb 1–1 MB1–1 Sb 5–236 MB5–236
*Sb 1–10 MB1–10 Sb 6–36 MB6–36
*Sb 4–15 MB4–15 *Sb 6–57 MB6–57
*Sb 4–22 MB4–22 *Sb 6–84 MB6–84
*Sb 4–32 MB 4–32 *Sb 6–325 MB6–325
Sb 4–121 MB4–121 Sb 6–342 MB6–342
*Sb 5–85 MB5–85

A total of 194 loci were produced from the 166
polymorphic RFLP probes, 10 SSR primers, and 2
anonymous probes after progeny screening. Of these
loci, 90% (174 out 194) were characterised by co-
dominant alleles. The remaining 20 loci behaved as
dominant alleles. Most of the polymorphic RFLP
probes produced only one single segregating fragment
which was then mapped as a single locus onto the
map. However, 12 probes produced 2 loci. These
included 5 TXS probes, 2 ISU probes, and 1 TS, RZ,
and SCSIR probe.

A total of 21 linkage groups were identified and
named LG1–LG21 in order of decreasing genetic dis-
tance. Six small linkage groups only contained 2 loci
(LG16–LG21), and one group had 3 loci (LG15). The
number of loci in the remaining 14 groups ranged
from 4 (LG10) to 23 (LG1) and the genetic distances
varied from 28 ·0 cM (LG14) to 230 ·3 cM (LG1). The
total estimated map size was 1400 cM and the average
distance per locus was about 10 cM.

Eight SSR loci were located on 6 linkage groups.
Two were on LG1 and LG8, respectively, and one each
on LG3, LG5, LG12, and LG19 (Fig. 1). This result
indicates that these SSR markers were distributed
throughout the sorghum genome.

Genes for 2 morphological traits, mesocarp thickness
(Z) and awnless (awn), were mapped onto linkage groups
LG6 and LG14, respectively. The gene for organophos-

phate insecticide reaction (OPR) was mapped onto
linkage group LG7 of the current map (Fig. 1). The
location of the gene at a distance of 13 ·6 cM from
marker TXS713 indicates that it is the same gene
mapped by Toure et al . (1997).

Allele frequencies and ratios of genotypic classes
at most of the loci fitted the expected segregation
patterns. Segregation distortion was found for 31 loci.
Loci with distorted segregation were not distributed
at random throughout the genome. Most of these loci
fell into 3 clusters on 3 linkage groups: LG2, LG6,
and LG8. The aberrant loci in LG2 showed distorted
segregation in favour of QL39 as did the loci in LG6.
In contrast, the loci located in LG8 were distorted in
favour of the other parent, QL41 (Fig. 1).

Comparisons between the present map and other sorghum
maps

In this study, subsets of probes representing some
of the mapped loci were used to compare the current
map with the 4 major previously published sorghum
maps (Table 3).

Comparison between present map and map of Chit-
tenden et al. (1994)

Nineteen loci were common between the current
map and the map of Chittenden et al . (1994). The 19
loci were distributed onto 9 of the 10 linkage groups
of the map of Chittenden et al . (1994). Six of the
9 linkage groups contained multiple DNA markers,
providing good evidence for linkage group alignment.

Four PSB loci and BNL5 ·09 of LG3 (present map)
were colinear with LGC (Chittenden et al . 1994), and
colinearity was also observed between 4 PSB loci of
LG2 and LGF. Closely linked loci UMC4 and PSB266
in LG5 were also closely linked to each other in LGB,
as was the case for linked loci PSB115 and PSB632
in LG1 and in LGI.

Comparison between present map and map of Xu
et al. (1994)

Thirty-two common loci were found between the
current map and the map of Xu et al . (1994). The 32
loci were distributed onto 12 of the 14 linkage groups
of Xu et al . (1994). Of these, 8 contained multiple
markers, and the remaining 4 linkage groups contained
single common markers. Good agreements occurred
between LG1, LG2, LG4, and LG12 of this map and
LGB, LGI, LGC, and LGF of their map. LG3 covered
the loci from both LGA and LGJ of the map of Xu
et al . (1994).
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l.Fig. 1. Sorghum genetic map of the recombinant inbred population derived from a cross QL39×QL41. Linkage groups at minimum LOD 3 ·0, maximum distance
30 ·0 cM. Distorted loci are marked with *.
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Comparison between present map and map of Pereria
et al. (1994)

Nineteen loci are common between the current map
and the map of Pereria et al . (1994). The 19 loci were
distributed onto 7 of the 10 linkage groups of Pereria
et al . (1994), of which 5 contained multiple markers.
Both LG3 and LGC share the same synteny of 3 loci,
ISU122, ISU044, and BNL5 ·09. But loci ISU64 and
ISU150 in LGC and loci UMC55 and ISU151 in LGF
of the map of Pereria et al . (1994) were mapped to
the same linkage group, LG6, of this map.

Comparison between present map and map of Dufour
et al. (1997)

Only 10 common loci were found between the current
map and the map of Dufour et al . (1997). The 10 loci
were distributed onto 5 of the 12 linkage groups of the
map of Dufour et al . (1997) and 2 of the 5 contained
multiple markers. Four loci in LG6 occurred in the
same order in LGF of the map of Dufour et al . (1997).
Two closely linked maize RFLP loci, BNL14 ·28 and
BNL5 ·09, gave the same synteny in both LG3 and
LGC.

Discussion

Level of polymorphism

Only 26 ·5% of the probes surveyed showed polymor-
phism between the 2 parental lines after digestion with

5 restriction enzymes. This percentage of polymorphic
probes is much lower than in other previously reported
mapping studies; 50 ·8% from the same 5 restriction
enzymes in the study by Xu et al . (1994), 95% from
only 3 enzymes in the study by Chittenden et al . (1994),
and 37% from only 2 enzymes in the study by Pereira
et al . (1994). The diversity in sorghum, in general,
is fairly low compared with other major crops (Tao
et al . 1993), and selection for agronomically important
traits in sorghum breeding can further decrease the
level of polymorphism between elite inbreds (Jordan
et al . 1996), as used as parents of the present mapping
population. The low level of DNA polymorphism for
the population used in the present study made it much
more difficult to obtain sufficient polymorphic probes
to construct a map. Consequently, a greater effort
has been expended in identifying polymorphic probes
from a variety of sources.

Genetic distance of the linkage map

Fewer loci (166) have been mapped in the present
map than in the maps reported by Pereira et al . (1994),
Chittenden et al . (1994), and Xu et al . (1994), in which
201, 276, and 190 loci were mapped, respectively. The
total distance of the present map (about 1400 Cm) is
also smaller compared with the total distance of these
maps of 1530 cM, 1445 cM, and 1851 cM, respectively.

Table 3. Relationships between the current recombinant inbred line map and the four previously published sorghum maps

Numbers of common loci between different linkage groups are in parentheses

Present Chittenden et al . (1994) Xu et al . (1994) Pereira et al . (1994) Dufour et al . (1997)
(map)

1 I(2) B(5) H(3) H(1)
2 F(4) I(3) D(2) –
3 C(4) A(2), J(1) C(3) C(2)
4 – C(3) D(1), G(1) –
5 B(2) G(4), C(1) – F(4)
6 – H(2), C(1) F(2), C(2) F(1)
7 – A(1), N(1) – –
8 G(1) – – –
9 H(1), J(1) D(2) A(1) A(1)

10 E(1) C(1) – –
11 – – I(1) I(1)
12 – F(3) – –
13 A(1) D(1) G(2) –
14 A(1) – – –
15 – – – –
16 A(1) – – –
17 – – – –
18 – E(1) E(1) –
19 – – – –
20 – – – –
21 – – – –

Total 19 32 19 10
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More than 10 linkage groups have been obtained
in the present map and 33 loci remained unlinked,
indicating the presence of gaps between linked loci in
the current map. A major contributing factor is that
the 2 parents of the mapping population share common
ancestors. The coefficient of parentage between the 2
parents, based on pedigree information, is 0 ·12 (data
not shown). Selection for agronomically important
traits during line development means that the true
coefficient of parentage may in fact be greater than the
theoretical estimate. If a chromosomal segment was
inherited in both parents from a common ancestor,
no polymorphism could be detected in this region,
resulting in a gap in the map.

Distortion

Aberrant segregation has been repeatedly observed
in the constructions of genome maps for different
plant species, particularly for the populations derived
from distant crosses. Distorted segregation ratios have
been also reported in other sorghum mapping studies
(Chittenden et al . 1994; Xu et al . 1994; Dufour et al .
1997). The frequency of aberrant loci is higher in this
study and the clusters of distorted loci are different
from the ones found in other studies. One of the
major reasons for aberrant segregation may be the
elimination of gametes or zygotes, which is controlled
by a lethal factor located in the neighbouring region of
the marker. In rice, it was suggested that the presence
of a lethal factor located on the rice chromosome
III caused partial gametic selection in both the male
and female side (Causse et al . 1994). The action of
the lethal factor was found to be effective on both
male and female gametes with a fertilisation ability
41 ·5% of that of the normal gametes (Cheng et al .
1996). The population used in this mapping study is
known to be segregating for a gene(s) causing partial
female sterility (data not shown). The increase of
segregation distortion in RILs has possibly resulted
from the cumulative effect of selection against alle-
les of one of the parents during propagation of the
RILs.

SSR markers

PCR primers for the amplification of DNA frag-
ments containing SSRs from sorghum were successfully
developed through 3 different approaches by Brown
et al . (1996) and it was also reported that sorghum
fragments can be amplified using maize SSR primers
(Brown et al . 1996). A total of 13 sorghum SSR
loci were also characterised by Taramino et al . (1997)
and 7 of these SSR markers were mapped, using an

existing sorghum RFLP map (Taramino et al . 1997).
SSR markers have been incorporated into an existing
RFLP based on the map of Xu et al . (1994) (Kong
et al . 1997).

In this study, a single optimised PCR condition
was successfully applied for all 17 primers tested. The
level of polymorphism of these primers, 60% (10 out
17), was higher than obtained for the RFLP probes.
The mapped SSR loci were distributed throughout the
genome. All of these factors are encouraging for the
extensive use of SSR markers in sorghum mapping.
More SSR loci can be easily mapped as more SSR
primers become available in the future.

Loci for simply inherited traits

Genetic studies of morphological traits in sorghum
began early this century and many genes for morpho-
logical traits have been identified; however, the precise
location of these genes in a complete genome map
is still unclear (Doggett 1988). Use of morphological
traits as genetic markers in sorghum breeding programs
has been limited as only few morphological markers are
available and the chance that a morphological marker is
linked to an agronomically important trait is very low.
This situation would be changed if a morphological
trait was mapped onto a complete genetic linkage
map. Then, it could be used as an easily recognised
landmark for a whole linkage group rather than just
a single marker. For example, from the result of
this study, mesocarp thickness and awns can be used
as a landmark for linkage groups LG6 and LG14,
respectively. This gives morphological markers much
more power when they are used in a breeding program,
particularly if any useful major gene or QTL alleles
are mapped onto these 2 linkage groups. In addition,
the gene for organophosphate insecticide reaction was
also located onto LG7 of the current map. The marker
linked to this gene can then be used to select for
resistance to the insecticide without needing to spray
(and kill) the plants.

Comparison of sorghum maps

Few common loci can be found in the maps of
Chittenden et al . (1994), Pereira et al . (1994); Xu et
al . (1994) and Dufour et al . (1997). For the present
study, probes were chosen from the same sources as
used for these maps. Common loci were thus mapped
onto both the current map and one or more of the
other maps, enabling comparisons to be made between
these maps for the first time.

As demonstrated in Table 3, the current LG1 corre-
sponds to LGI of the map of Chittenden et al . (1994),
LGB of the map of Xu et al . (1994), and LGH of the
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maps of both Pereira et al . (1994) and Dufour et al .
(1997). The current LG2 corresponds to LGF of the
map of Chittenden et al . (1994), LGI of the map of
Xu et al . (1994), and LGD of the maps of Pereira
et al . (1994). LG5 of the current map corresponds to
LGB of the map of Chittenden et al . (1994), LGG of
the map of Xu et al . (1994), and LGF of the maps
of Dufour et al . (1997.

It was noted that linkage rearrangements occurred
for some of the published maps. Loci in LGA and
LGJ of Xu et al . (1994) were mapped onto the same
LG3 of the current map, and corresponded to LGC
of the maps of Pereira et al . (1994), Dufour et al .
(1997), and Chittenden et al . (1994). The same
linkage rearrangements were also observed by other
groups with the same probes (G. Hart, pers. comm.).
Similarly, 2 closely linked loci in LGC and another 2
closely linked loci in LGF of the map of Pereira et al .
(1994) were joined together in LG6 of the current
map, indicating that some linkage groups may still be
questionable.

Information from comparisons between the current
map and other maps also facilitated the joining of
some linkage groups in this study. LG5 and LG6 are
very likely to be part of the same linkage group as
both linkage groups contain loci of the same LGF of
the map of Dufour et al . (1997). Comparisons between
the current map and rice and sugarcane maps provided
additional evidence for this (data not shown). Another
possible combination could be between LG4, LG13,
LG14, and LG16 of the current map. Both groups
LG4 and LG13 have loci of the same linkage group
LGG of the map of Pereira et al . (1994) and LG13,
LG14, and LG16 each have a single locus in common
with LGA of the map of Chittenden et al . (1994).
Strong evidence also comes from a comparison between
the current map and the rice map (data not shown).
Ultimately, it should be possible to join some linkage
groups of the current map to give a final number of
10 linkage groups.

Complete alignment of all of the sorghum maps is
still far from satisfactory as only half of the linkage
groups can be unambiguously aligned at this stage.
Constructing a bridging map for several existing maps
was more difficult than expected. Lack of sufficient
common loci with which to compare and frequent
inconsistency in probe location (data not shown) were
major problems for this study.

Future applications

A genetic map was established using 120 F5 sorghum
RILs developed from a cross between 2 Australian
elite sorghum inbred lines. Recombinant inbred lines
offer several advantages over other populations used

for genetic mapping. The most important benefit from
RILs is that RILs can be distributed, replicated, and
evaluated from experiments in different environments,
which is essential for the analysis of quantitative traits
(Burr et al . 1988; Zamir et al . 1993; Goldman et al .
1995; Paran et al . 1995). The particular population
used in this study was chosen because the parents
are segregating for 2 important traits, stay-green and
midge resistance, which we are currently attempting to
map. In addition, both parents show good agronomic
performance and have been widely used as parents of
commercial hybrids and breeding lines in Australia.
Any markers developed from this cross could directly
benefit Australian sorghum production.

Moreover, the relationships betweendifferent sorghum
maps and colinearity and synteny between sorghum and
other economically important and well-studied crops
such as maize, rice, and sugarcane will be facilitated
by this study (data not shown). By bringing all the
information together, this map should help sorghum
breeders to establish whether variation for a particular
characteristic in this population is due to the same
major gene or QTL allele of other mapping populations,
either within sorghum or even in different species, using
common loci (colinearity and synteny) between the
maps as landmark loci for reference. In addition, any
markers developed from this population can be easily
tested and transferred to other populations within or
between species.

Generally, the alignment of the different sorghum
maps will serve sorghum researchers to use all of the
mapping information more effectively. First of all, most
genome maps available are far from saturated, which
implies that uncertainties remain in terms of genetic
distance, order of loci, and even linkage groups in the
map. The map user cannot make their own judgement
on the accuracy of available maps and the reliability of
the linkage for the particular region(s) in which genes
for agronomically important traits may reside until
additional information from different mapping studies
is available. From this viewpoint, using a bridging
map covering different sources of mapping information,
like the map presented in this paper, will help to
avoid some confusion and assist in further applications
of the maps. Secondly, it is difficult to get sufficient
polymorphic markers from a single source based on
one map to develop a useful map for gene tagging
or QTL mapping. If a RIL population is used for
particular traits of interest, lower levels of diversity
make genotyping even more difficult. However, once
an overall bridge map is established, probes from all
sources become informative and can be pooled. The
problem of limited choice for RFLP probes and other
kinds of markers can then be solved.
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