Theor Appl Genet (1997) 94:409-418

© Springer-Verlag 1997

P. Dufour + M. Deu * L. Grivet -+ A. D’Hont
F. Paulet - A. Bouet - C. Lanaud
J. C. Glaszmann - P. Hamon

Construction of a composite sorghum genome map and comparison with sugarcane,

a related complex polyploid

Received: 12 August 1996 / Accepted: 30 August 1996

Abstract A sorghum composite linkage map was con-
structed with two recombinant inbred line populations
using heterologous probes already mapped on maize
and sugarcane. This map includes 199 loci revealed by
188 probes and distributed on 13 linkage groups.
A comparison based on 84 common probes was per-
formed between the sorghum composite map and
a map of a sugarcane (Saccharum spp.) cultivar being
developed and presently comprising 10 tentative link-
age groups. A straight synteny was observed for 2 pairs
of linkage groups; in two cases, 1 sorghum linkage
group corresponded to 2 or 3 sugarcane linkage
groups, respectively; in two cases 1 sugarcane link-
age group corresponded to 2 separate sorghum linkage
groups; for 2 sorghum linkage groups, no complete
correspondance was found in the sugarcane genome. In
most cases loci appeared to be colinear between ho-
moeologous chromosomal segments in sorghum and
sugarcane. These results are discussed in relation to
published data on sorghum genomic maps, with speci-
fic reference to the genetic organization of sugarcane
cultivars, and they, illustrate how investigations on
relatively simple diploid genomes as sorghum will facil-
itate the mapping of related polyploid species such as
sugarcane.
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Introduction

The construction of genetic maps using common sets of
restriction fragment length polymorphism (RFLP)
probes has recently enabled the arrangements of low-
copy-number sequences along the genomes of various
grass species to be compared. This led to the observa-
tion of an extensive conservation of gene order within
homoeologous chromosomal segments (Moore 1995).

In the Andropogoneae tribe, attention was first fo-
cused on two important cereal crops, maize and sor-
ghum, which have the same chromosome number,
2n = 20. Comparative mapping between these species
confirmed the duplicated nature of the maize genome,
which is now interpreted to be a subsequent tetrap-
loid phase (Moore et al. 1995). Most of the sorghum
chromosomal segments were found to be colinear to
pairs of duplicated regions in maize, although finer
chromosomal rearrangements were demonstrated be-
tween the two genomes (Hulbert et al. 1990; Binelli
et al. 1992; Whitkus et al. 1992; Melake-Berhan et al.
1993). In sorghum, RFLP maps revealed a few clusters
of duplicated probes (Pereira et al. 1994; Chittenden
et al. 1994; Xu et al. 1994; Lin et al. 1995).

Sugarcane is also an economically important tropi-
cal crop of the Andropogoneae tribe. Sugarcane cul-
tivars have a complex genome organization. They are
polyploid, aneuploid clones derived from interspecific
hybridization between two species, S. officinarum
(2n = 80) and S. spontaneum (2n = 40—-128). Sugarcane
was included in the Andropogoneae map comparison
thanks to the identification of linkages between maize
probes based on a progeny of a modern cultivar
(D’Hont et al. 1994). Although the sugarcane linkage
groups were non-ordered clusters of probes due to the
small size of the progeny, they showed syntenic rela-
tionships to the duplicated regions of maize as did
sorghum. Thus, the genomes of sugarcane and sorghum
appeared to be more closely related to one another
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with respect, to chromosome organization than either
one with maize (Grivet et al. 1994). Using a new map,
yet unsaturated, produced from the genome of a
modern sugarcane cultivar of high agricultural
interest (‘R570°) (Grivet et al. 1996), Dufour et al. (1996)
recently confirmed this observation on a finer scale
with a detailed comparison between duplicated
segments of maize chromosomes 3 and 8 and homoco-
logous regions in sorghum and sugarcane. A complete
colinearity was demonstrated between the sorghum
and sugarcane linkage groups for this particular
genome region.

In this paper we report the construction of a sor-
ghum composite linkage map with heterologous probes
based on two recombinant inbred line populations and
the comparison of this map with that of sugarcane
cultivar ‘R570’.

Materials and methods

Construction of the sorghum composite map
Plant material

The two sorghum mapping populations were recombinant inbred
line progenies (RIL) of 110 and 91 individuals, respectively. They
were developed at INERA (Institut d’Etudes et de Recherches Agri-
coles)in Burkina Faso and had reached the fifth generation of selfing
at the time of analysis. These populations were derived from two
intraspecific crosses within S. bicolor ssp bicolor (1S2807 x 379 and
1S2807 x 249). 1S2807 (ICRISAT collection) used as the female par-
ent in both crosses belongs to race caudatum. The male parents, 379
and 249 (CIRAD collection), belong to race guinea of the South
African group and of the west African group, respectively
(Chantereau et al. 1994).

Probes

Two hundred and fifty maize probes were used to test for hybridiza-
tion and polymorphism on the sorghum parents of the two mapping
populations. The BNL (Burr and Burr 1991), CSU (Gardiner et al.
1993), PHP (Beavis and Grant 1991) and UMC (Coe et al. 1990)
maize probes were provided by the University of Missouri-Colum-
bia, Columbia, Mo., USA. These probes were chosen to provide
a uniform coverage of the maize genome.

Thirty probes (SsCIR prefix) were obtained from a sugarcane
genomic library (Grivet et al. 1996). Probe CDSR29 is a sugarcane
cDNA and was provided by Dr. J. da Silva (Copersucar, Brazil).
They were selected for their ability to hybridize with sorghum DNA
and to reveal polymorphism in the parental lines.

Four cloned genes, Adhl (Gerlach et al. 1982), Pepc3 and Pepc4
(Cretin et al. 1991) and Pta71 (Gerlach and Bedbrook et al. 1979) and
two morphological traits, colors of the leaves (gene P/p, Doggett
1988) and presence of a testa in the grain (gene B2/b2, Doggett 1988),
were also mapped.

RFLP protocols and data analysis

RFLP protocols and data analysis were as described in Dufour et al.
(1996). On average, nine restriction enzymes (BamHI, Bglll, Dral,

EcoR1, EcoRV, HindIll, Sstl, Xbal and Xhol) were screened for
polymorphism.

A composite sorghum linkage map was constructed based on the
two progenies using the software JOINMAP V14 (Stam 1993). The
multipoint analyses were performed using a minimum LOD score of
4, and the results were checked with the marker order obtained for
each population using MAPMAKER software (Lander et al. 1987).
Genetic distances were estimated with the Haldane mapping func-
tion. The composite sorghum linkage groups were named on the
basis of their homology with the linkage groups defined by Pereira
et al. (1994).

Origin of the sugarcane map

The sugarcane map used is that in development for cv ‘R570” (Grivet
et al. 1996). This map was built using 128 maize and sugarcane
probes. The study of linkages in coupling between the segregating
alleles enabled 408 of these alleles to be assembled into 96 cosegrega-
tion groups (i.e. individual chromosomes or pieces of chromosomes).
The cosegregation groups were assembled into 10 tentative basic
linkage groups (i.e. homology groups) based on common probes and
were designated LG I to LG X. The cosegregation groups that could
not be assigned to any LG were designated “u” (for “unassigned”).

Arguing the fact that recombination seems possible between S.
officinarum and S. spontaneum inherited chromosomes, a composite
map was then tentatively constructed for each basic linkage group.
No significant difference of loci order was detected between S.
officinarum and S. spontaneum inherited cosegregation groups in the
‘R570° map. Nevertheless, due to probable differences in the basic
chromosome number of the two ancestral species (D’Hont et al.
1996), chromosomal rearrangements must exist and the bispecific
origin of the cultivars has to be kept in mind, as will be discussed
later. Composite sugarcane groups were those actually used for the
comparison with sorghum linkage groups.

Results
Sorghum linkage map

Among the 285 probes tested for polymorphism be-
tween the parents of the two progenies, 217 were
unique copies (a single band revealed by hybridization
with restricted DNA for most of the restriction enzyme
tested), 55 were low-copy probes (2 or 3 bands revealed
for all restriction enzyme tested) and 13 were multicopy
probes (more than 3 bands revealed) (Table 1). In the
first population (IS2807 x 379) 151 polymorphic probes
were used for mapping, and in the second population
(IS2807 x 249) 127 were used.

182807 x 379 genetic linkage map

The linkage study placed 155 loci on 13 linkage groups
(LG) spanning a genetic length of 977 cM. Four probes
mapped 2 loci, namely UMCS50 and UMC124 on LGs
E and G, UMC29 on LGs I and J and BNL12.09 on
LGs B and D. Nine loci showed significant deviations
from the expected 1:1 Mendelian segregation ratio at
the 1% level. There was an excess of male alleles for
8 loci, of which 7 mapped on LG F. The ninth locus



411

Table 1 Characteristics of probes

tested for mapping in sorghum. Typical number of bands Types of probes Total

An average of nine restriction revealed by hybridization

enzymes (BamH]I, Bglll, Dral, with sorghum DNA Cloned cDNA Genomic

EcoRI, EcoRV, HindIll, Sstl, genes maize

Xbal and Xhol) were screened Maize Sugarcane

for polymorphism
1 band 2 25 165 25 217
2 to 3 bands 2 9 38 6 55
up to 3 bands 0 0 13 0 13
Total 4 34 216 31 285

revealed by probe BNL15.45 (LG J) displayed a devi-
ation in favor of the female allele.

1582807 x 249 genetic linkage map

The 129 segregating loci fell into 12 linkage groups
spanning a genetic distance of 878 cM. In this popula-
tion, 2 probes mapped duplicated loci, namely CSU9%4
on LGs E and H and SsCIR209 on LG J. As was
observed in the first map, significant deviations from
a Mendelian segregation ratio were mostly in favor of
the alleles inherited from the male guinea parent. This
was the case for 29 loci that mapped predominantly on
LGs F and G. A selection in favor of female alleles was
noted for 2 loci on LG I (PHP20075 and BNL3.04).

Composite sorghum linkage map

The two maps had 85 loci in common, which showed
a complete conservation of loci order. This permitted
the construction of a composite map of 199 loci re-
vealed by 188 probes spanning a genetic distance of
1095 cM (Fig. 1). The loci were distributed on 13 link-
age groups, although the basic chromosome number of
sorghum is x = 10. Ninety-four loci shared with other
published sorghum maps showed complete congru-
ence. On the basis of information obtained from those
maps it was possible to merge LGs K and C: loci
revealed by BNL5.09 and BNL12.06 are linked to
UMC?27 in the map of Pereira et al. (1994); BNL5.09,
BNL14.28 and CSUS59 are linked to UMCSS3,
UMC166, UMC27, UMC140, BNL8.29 and UMC84
in the maps of Lin et al. (1995) and Paterson et al.
(1995). Similarly, LGs D and L are probably borne by
a unique chromosome: LG D of Pereira et al. (1994)
includes PHP20608 and BNL5.40, both corresponding
both to single-copy probes in the sorghum genome.
Of the 188 probes used for the construction of the
composite map 140 were single-copy probes, 41 were
low-copy probes and 7 were multicopy probes. For 39
low-copy or multicopy probes, only a single locus
could be mapped even though two mapping popula-
tions were used. These loci were distributed all over the

genome with an excess on LGs E, F, G and J. Only
9 probes enabled the mapping of two loci (4 with
RIL379, 2 with RIL249 and 3 (CSU16, UMCI1 and
UMC22) with both populations. Among these, 3 were
duplicated on LGs E and G (UMC50, UMC124 and
CSU16). When we included the mapping data from the
map of Lin et al. (1995) it was possible to identify
4 additional duplicated loci between LGs E and
G (CDO109, CDO1160, UMC60, pSB333).

Comparison between sorghum and sugarcane maps

For comparison, the approximate position of loci re-
vealed by 12 probes mapped in sugarcane were added
to our sorghum composite map on the basis of other
published sorghum maps (Whitkus et al. 1992; Melake-
Berhan et al. 1993; Lin et al. 1995; Paterson et al. 1995).
Finally, the comparison between sorghum and sugar-
cane maps was based on 84 common probes (Fig. 2).
The following correspondances could be noted:

—straight synteny and colinearity were observed for
2 pairs of linkage groups, sorghum LG E and sugar-
cane LG IV, sorghum LG H and sugarcane LG IX,

—1in two cases, 1 sorghum linkage group was colinear to
either 2 or 3 sugarcane linkage groups, respectively;
sorghum LG G with sugarcane LGs II and III; sor-
ghum LG C with sugarcane LGs I, V and VI,

—1in two cases, 1 sugarcane linkage group was colinear
to 2 sorghum linkage groups: sugarcane LG VIII
with sorghum LGs B and J; sugarcane LG X with
sorghum LGs F and I,

—for 2 sorghum linkage groups very few common loci
were available in the sugarcane map. Sorghum LG
D shared 3 probes with the small sugarcane LG VII,
but a large length of the sorghum group remained
without any counterpart in sugarcane. Sorghum LG
A shared 1 locus with sugarcane cosegregation
groups ul and 2 loci with u9.

The order of mapped probes was most often similar
between homoeologous chromosomal segments in sor-
ghum and sugarcane. In a few cases, however, inver-
sions of loci order were noted. These can be due to
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uncertainty in determining the loci order on the two
composite maps. It is certainly the case for ADH1 and
UMCI15 on sorghum LG J and sugarcane LG VIII,
SsCIR60 and UMC103 on sorghum LG G and sugar-
cane LG III and SsCIR257 and UMC139 on sorghum
LG F and sugarcane LG X.

Five loci were mapped on non-homoeologous link-
age groups; UMCS81 was located on sorghum LG
C and sugarcane LG IX; SsCIR77 was on sorghum LG
C and sugarcane LG IV; rDNA was on sorghum LG
C and sugarcane LG VIII; SsCIR194 was on sorghum
LG I and sugarcane LG VII; SsCIR209 was on sor-
ghum LG J and sugarcane LG X.

Eight markers yet unlinked in sugarcane were map-
ped on sorghum. These are distributed on 7 sorghum
linkage groups. Three of them (SsCIR88, SsCIR120
and CDSR29) are located in sorghum genome regions
without clear homoeology yet in the sugarcane map.
No further conclusion can be drawn at this time for the
other 5, which are probably located on cosegregation
groups uncovered by other markers in the sugarcane
map. Indeed, in polyploids, the segregating alleles
amenable to linkage analysis are not always appropri-
ate to detect all linkages.

Discussion
Sorghum linkage maps

In the present study, a composite sorghum genome
map was constructed on the basis of two RIL popula-
tions using maize and sugarcane heterologous probes.

In order to have sufficient molecular polymorphism,
we used progenies derived from interracial crosses in-
volving distinct varietal clusters, as suggested by earlier
diversity studies (Deu et al. 1994; Chantereau et al.
1994). The dynamics of race differentiation in sorghum
remains to be studied in detail, particularly with respect
to the specific selection pressure affecting distant hy-
brids. In the case of our two cross combinations, the
segregation distortions observed were limited in inten-

R

Fig.2 Comparative mapping between sorghum and sugarcane.
Sugarcane tentative linkage groups are designated with Roman
numerals. Additional cosegregation groups that could not be as-
signed to any linkage group in the map of R570 are designated with
a “u”. Vertical lines near the markers and black areas indicate an
uncertain relative position of markers, with alternate orders that
cannot be ruled out at LOD =1 for sugarcane and LOD = 2 for
sorghum with MAPMAKER analyses. Thirteen loci (in boxes) mapped
in sorghum by Whitkus et al. (1992); Melake-Berhan et al. (1993);
Lin et al. (1995) and Paterson et al. (1995) were additionally placed
on the composite linkage groups. Markers which were independent
or not assigned to a composite linkage group in sugarcane are noted
with an open circle (O). Duplications are noted in brackets to the
right of the markers. Markers in italics designate non-syntenic loci,
and the location of the linkage group location is in parentheses
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sity and confined to LG F in both progenies and LG
G in the progeny involving the west African guinea
male parent (249). While this deserves further investiga-
tion, in particular with respect to the adaptive gene
content in these regions, it can be considered to have
little or no impact in the scope of our mapping study.

Our composite map is unsaturated, it consists of 13
linkages groups and spans 1095 cM. On the basis of
common maize probes, it can be integrated into some
of the published sorghum maps (Whitkus et al. 1992;
Melake-Berhan et al. 1993; Pereira et al. 1994; Lin et al.
1995; Paterson et al. 1995). The comparison along all of
the homologous segments showed a consistent linear
order of markers and, moreover, it indicated that our
composite map represents about 90% of saturated map
of Pereira et al. (1994) and consequently covers a very
significant part of the sorghum genome. The alignment
of the different molecular maps will serve to increase
the number of available RFLP markers to sorghum
researchers. It should facilitate efforts to map charac-
ters of agronomic importance and compare the loca-
tions of quantitative trait loci (QTL) between progenies
and environments.

The rate of multiple-copy probes is 23%, which is
consistent with those observed in previous sorghum
studies — 11-41% duplicate patterns (Whitkus et al.
1992; Chittenden et al. 1994; Pereira et al. 1994). The
number of mapped duplicated loci of each sorghum
map is low. However, some linkage groups share sev-
eral duplicated probes, thus appearing as duplicated
segments. The present study as well as that of Lin et al.
(1995) suggest the existence of a large duplication be-
tween sorghum LGs E and G. Without information on
the location of the other multicopy probes, it is not
possible to draw a definitive conclusion on the occur-
rence of complete chromosomal or segmental duplica-
tion in sorghum.

Comparison of the sorghum and sugarcane maps

The first comparisons between the sorghum and sugar-
cane maps were mostly indirect, in which maize was
used as an intermediate, but they gave a hint of a large
degree of synteny between the genomes of the two
species (D’Hont et al. 1994; Grivet et al. 1994). The
present results reinforce this and argue for a good
general colinearity between the two genomes. There is
a fine and straight colinearity between 2 pairs of sor-
ghum and sugarcane linkage groups (LGs E-IV and
LGs H-IX). Large arrays of colinear probes with sugar-
cane were also observed along the other sorghum link-
age groups. However, the exact extent of colinearity is
probably underestimated due to a comparison between
maps that are not saturated, especially for sugarcane.
In several cases the physical link between linkage
groups appearing to be independent in the map of
‘R570’ can be anticipated from linkages detected in
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a map of S. spontaneum (da Silva et al. 1995). Sorghum
LG C is colinear to sugarcane LGs I, V and VI. Link-
age of probes SG29, CDSR132 (LG V) and SG155
(LG VI) in S. spontaneum indicates that LGs V and VI
are probably parts of a single basic chromosome. To

Fig. 3 Comparative mapping between sorghum linkage groups
B and J and composite sugarcane linkage group VIII, confirming
a probable genome rearrangement during the evolution of S. of-
ficinarum and S. spontaneum. When it is known, the specific origin of
markers in the sugarcane cosegregation groups is indicated by
a black circle for S. officinarum and a white lozenge for S. spontaneum.
The dashed line highlights the discontuinity between S. officinarum
cosegregation groups
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a lesser extent, linkage of probe RZ329 (part of sor-
ghum LG C homoeologous to sugarcane LG I) and
CDSR132 (sugarcane LG V) could be in favor of a link-
age between sugarcane LGs V and 1. It is thus possible
to anticipate the existence of a complete homoeologous
counterpart of LG C in sugarcane. A similar prediction
can be made for sorghum LG G and sugarcane LGs II
and III as has already been discussed by Dufour et al.
(1996).

In two cases, 2 different sorghum linkage groups
have adjacent homoeologous counterparts on a single
sugarcane linkage group (sugarcane LGs VIII and X).
This can be related to the genetic organization of mod-
ern sugarcane cultivars, which are derived from ancient
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interspecific hybridization between the sugar-produc-
ing species S. officinarum and the wild species S. sponta-
neum. A cultivar composite map thus encompasses
cosegregation groups originated from both species. Re-
cently, the physical location of the rDNA loci (D’Hont
et al. 1996) has reinforced previous suggestions (review
by Sreenivasan et al. 1987) on the occurrence of a basic
chromosome number of 10 for the species S. officinarum
and of 8 for the species S. spontaneum. Thus, structural
differences between the chromosomes of the two spe-
cies are expected. Indeed, for sugarcane LG VIII, the
genetic mapping data (Grivet et al. 1996) and the differ-
ent physical location of the rDNA loci, terminal for
S. officinarum and interstitial for S. spontaneum, suggest
that 1 S. spontaneum linkage group corresponds to
2 non-overlaping S. officinarum linkage groups (Fig. 3).
A simple explanation can be a Robertsonian fusion or
fission that occurred after the differentiation of the two
species. The comparison between the sugarcane map
and our composite sorghum map reinforces this hy-
pothesis. It argues in favor of a fusion that would have
occurred in S. spontaneum since the duality of sugar-
cane LG VIII is also recognized in the two correspond-
ing sorghum LGs B and J. A similar development could
have occurred for LG X also, although it is supported
by less conclusive data. A comparison of more
saturated maps will help us to understand the complete
set of chromosomal rearrangements that have occurred
during evolution between Saccharum species and be-
tween Saccharum and Sorghum genus. Integration in
the comparison of S. spontaneum and S. officinarum
maps will also be of great help in this way.

Future applications

The advantages of comparative genome analyses for
crop improvement have been widely reviewed, parti-
cularly in the Poaceae family (Bennetzen and Freeling
1993; Moore et al. 1993; Devos et al. 1995; Moore
1995). The usefulness of diploid relatives for mapping in
polyploids has been emphasized. In the Andropo-
goneae tribe, the extensive colinearity of the sugarcane
gerome with the sorghum genome will facilitate mapping
of the former since linked loci can be predicted based
on their location on the sorghum map. For example,
well-chosen probes on sorghum LG A should certainly
lead to the identification of its homoeologous com-
posite linkage group on sugarcane. Colinearity could
also be used to help in tagging homologous genes of
agronomic interest in sugarcane thanks to the expected
orthology with sorghum. Mapping efforts in sugarcane
could thus be concentrated, revealing all of the seg-
regating alleles in specific important genome regions.
The global pattern of probe duplications in the sor-
ghum genome has not yet been unraveled. Neverthe-
less, in contrast with genomes of polyploid sugarcane
and ancient tetraploid maize, the apparent simple or-
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ganization of the sorghum genome suggests that this
crop stands central in the Andropogoneae tribe with
respect to comparative mapping. The resolution of
comparative mapping between sorghum and maize
should be refined thanks to the co-alignment of pub-
lished sorghum maps from a common set of maize
markers. This co-alignment should endole a more pre-
cise investigation of the sorghum-maize synteny on the
whole genome scale and confirm accurately the nature
of extensive rearrangements of the maize genome.
Simirlarly, one can expect that the sorghum genome
could be a good model to bridge comparative genome
analyses between Andropogoneae and, perhaps,
Paniceae and other Poaceae. A first comparison be-
tween sorghum and rice (Paterson et al. 1995) and
indirect comparisons taking maize as an intermediate
(Ahn and Tanksley 1993; Moore 1995) permit us to
expect an important synteny between the two species.
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