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Abstract Sugarcane varieties are complex polyploids
carrying in excess of 100 chromosomes and are derived
from interspecific hybridisation between the domesti-
cated Saccharum officinarum and the wild relative S.
spontaneum. A map was constructed in Q165®', an
Australian cultivar, from a segregating F; population,
using 40 amplified fragment length polymorphism
(AFLP) primer combinations, five randomly amplified
DNA fingerprints (RAF) primers and 72 simple se-
quence repeat (SSR) primers. Using these PCR-based
marker systems, we generated 1,365 polymorphic
markers, of which 967 (71%) were single-dose (SD)
markers. Of these SD 967 markers, 910 were distributed
on 116 linkage groups (LGs) with a total map length of
9,058.3 cM. Genome organisation was significantly
greater than observed in previously reported maps for
Saccharum spp. With the addition of 123 double-dose
markers, 36 (3:1) segregating markers and a further five
SD markers, 1,074 markers were mapped onto 136 LGs.
Repulsion phase linkage detected preferential pairing for
40 LGs, which formed 11 LG pairs and three multi-
chromosome pairing groups. Using SSRs, double-dose
markers and repulsion phase linkage, we succeeded in
forming 127 of the 136 LGs into eight homo(eo)logy
groups (HG). Two HGs were each represented by two
sets of LGs. These sets of LGs potentially correspond to
S. officinarum chromosomes, with each set aligning to
either end of one or two larger LGs. The larger chro-
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mosomes in the two HGs potentially correspond to S.
spontaneum chromosomes. This suggestion is consistent
with the different basic chromosome number of the two
species that are hybridised to form sugarcane cultivars,
S. spontaneum (x=38) and S. officinarum (x=10), and
illustrates the structural relationship between the ge-
nomes of these two species. The discrepancy of coverage
between HGs highlights the difficulty in mapping large
parts of the genome.

Introduction

Modern sugarcane cultivars are derived from interspe-
cific hybridisation between the domesticated species
Saccharum officinarum L. (2n=_80) and the wild species
S. spontaneum L. (2n=40-128), both of which are
polyploid. The cultivated hybrids have undergone a
series of backcrosses to S. officinarum as the recurrent
female parent in a process known as ‘nobilisation’ to
recover agronomically adapted genotypes with a high
sugar yield. The high sugar yield trait is recovered
quickly because S. officinarum clones transmit their so-
matic chromosome number during the first interspecific
cross and the first backcross (Bhat and Gill 1985). The
nobilisation process represented a major breakthrough
in sugarcane improvement, resulting in sugarcanes with
increased resistance to diseases and additional benefits in
yield increases and improved ratooning (Roach 1972).
Several other species have been involved to a lesser extent
in the development of modern sugarcane, including S.
robustum Brandes and Jeswiet ex Grassl, which is
thought to be the progenitor of S. officinarum. S. barberi
Jesw. and S. sinense Roxb., which are thought to be
natural hybrids of S. spontanteum and S. officinarum
(Irvine 1999; D’Hont et al. 2002), have also contributed.

Most sugarcane cultivars have between 100 and 130
chromosomes, of which 15-25% are contributed by S.
spontaneum (D’Hont et al. 1996). Using fluorescence in
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situ hybridisation, D’Hont et al. (1998) showed that the
basic chromosome number of S. officinarum is x=10,
while that of S. spontaneum is x=8.

As sugarcane is a polyploid and highly heterozygous,
restriction fragment length polymorphisms (RFLPs) and
simple sequence repeats (SSRs) reveal several markers or
alleles for a given locus. As these markers can be single
dose (SD) (single copy present at a locus), double dose
(two copies) or multi-dose, it is often not possible to
identify all of the individual alleles at a locus. It is still
unclear whether sugarcane is disomic (i.e. an allopoly-
ploid with a preferential pairing of chromosomes within
a homology group) or polysomic [i.e. an autopolyploid
with random pairing of chromosomes within each
homology group (HG)], or a combination of both
(Grivet et al. 1996; Hoarau et al. 2001). To date, a
number of linkage maps have been constructed in sug-
arcane using SD markers (Wu et al. 1992). SD markers
in coupling are used to construct a map, and repulsion is
used to determine chromosome assortment. The first
map was developed on the wild relative and smaller
genome of a S. spontaneum, SES208 (2n=64), using
random amplified polymorphic DNA (RAPD) markers
(Al-Janabi et al. 1993) and RFLPs (da Silva et al. 1993,
1995). A RAPD map has been constructed for S. offi-
cinarum (Mudge et al. 1996), and four RFLP maps have
been constructed for crosses between S. officinarum and
S. spontaneum (Ming et al. 1998, 2002). Using compar-
ative mapping to sorghum, Ming et al. (1998) were able
to estimate that only 39.5-46% of the Saccharum gen-
ome was covered by each of these maps, although col-
lectively they covered approximately 70% of the
genome. An RFLP map has also been constructed on a
selfed population of the cultivar R570 (Grivet et al.
1996). This map was composed of 408 markers, gener-
ated by 120 RFLP probes, which were placed onto 96
linkages groups (LGs). These LGs could be assembled
into ten basic HGs. A more extensive map was con-
structed in this same cultivar with a different population.
This map is composed of 887 AFLP markers distributed
on 120 LGs (Hoarau et al. 2001). Using AFLP markers
in common between the two maps and linkage in
repulsion, 34 of these LG could be assigned to one of the
ten HGs already defined in the previous RFLP map.
Although the AFLP map was 5,849 cM long, it was
estimated to cover approximately only a third of the
genome. Rossi et al. (2003) added a further 236 resis-
tance gene analogue (RGA) and SSR markers to a
subset of the population used to construct the AFLP
genetic map by Hoarau et al. (2001). These formed 128
cosegregation groups and were placed into seven HGs
with 53 (41%) cosegregation groups still unassigned.
SSRs in sugarcane are highly polymorphic, thereby
facilitating the determination of HGs, which previously
had depended on the use of the more time-consuming
RFLP marker system.

The objective of the investigation reported here was
to take advantage of the recent release of a large number
of SSRs for Saccharum species to construct another

high-coverage genetic map of a sugarcane cultivar. This
genetic map, which has been constructed with both
AFLPs and SSRs, has allowed a greater allocation of
LGs to HGs than any other existing map. The use of
SSRs has also enabled the first comparison of two sug-
arcane cultivar genetic maps that each incorporate over
1,000 markers.

Materials and methods
Plant material

The Saccharum officinarum clone 1J76-514 (2n=80) was
used as the female in a cross with Q165® (2n~115), an
Australian commercial variety. The cross was carried
out in 1999, and 227 progeny were planted in a repli-
cated field trial in Kalamia, Burdekin (19°32’S,
147°24’E) in 2000.

PCR assay for SSR, AFLP and randomly amplified
DNA fingerprints

For DNA extraction, young leaves were sampled from
227 progeny in the field, freeze-dried, then ground to a
powder and stored at —20°C. Genomic DNA was ex-
tracted following the CTAB method described by Hoi-
sington (1992). SSR primers were obtained from the
Sugarcane  Microsatellite ~ Consortium  collection
(Cordeiro et al. 2000). These were screened against the
parents of this population to determine polymorphism
levels, and the SSRs selected were scored across the
population using the following protocol.

PCR reactions for the amplification of SSRs were
carried out in a total volume of 20 pl containing 25 ng
template DNA, 0.2 uM of forward and reverse primers,
0.2 m M of each dNTP, 3.0 m M MgCl, and 0.4 U Tth
Plus Taq polymerase (Biotech International, Western
Australia) in the buffer supplied. During PCR the SSR
products were labeled with o-[>*P]JdCTP (3,000 ci/mmol).
Reactions were run on a Gene Amp PCR System 2700
thermocycler (PE Applied Biosystems, Foster City, Ca-
lif.) programmed with the cycling conditions: one cycle
of 3 min at 94°C, 35 cycles of 1 min at 94°C, 2 min at the
appropriate annealing temperature (ranging from 50°C
to 56°C depending on the SSR) and 1 min at 72°C, with
a final extension step of 5 min at 72°C. The amplified
products were mixed with an equal volume of loading
dye, denatured at 95°C for 5 min, and 3.6-ul samples run
on a denaturing 5% polyacrylamide (20:1) gel at 90 W
for 2 h. The gels were subsequently dried using a gel
dryer for 25 min at 80°C and exposed to Kodak X-Omat
X-ray film for 3-4 days.

AFLP analysis was performed as described by Vos
et al. (1995) with some modifications. Genomic DNA
(300-400 ng) was double digested with EcoRI and Msel
enzymes and ligated to the specific adapters. Primers with
one selective nucleotide were used for pre-amplification.



The pre-amplification products were diluted 1:20 with
water. PCR products were separated as described above,
but exposure of the gel was on a high-resolution Kodak
Biomax MR X-ray film for 3-4 days. Randomly ampli-
fied DNA fingerprints (RAFs) were carried out accord-
ing to Bentley and Bassam (1996) with the modification
that one of the primers was radiolabelled. The 227
progeny were characterised with five RAF primers, 40
AFLP primer combinations and 72 SSR primers.

Marker scoring and analysis

All segregating bands that were distinct and unambig-
uous were scored (1 for present and 0 for absent). Each
marker system identified both monomorphic and poly-
morphic markers. Each marker was tested against the
expected ratios using a y* test for SD markers or duplex
markers. SD markers are present only once in the gen-
ome, either in a 1:1 ratio (markers present once in one
parental genome) or in a 3:1 ratio (marker present in
both parents segregating as SD markers). Duplex
markers are present twice in one parental genome, either
in a 11:3 ratio (for x=28) or in a 7:2 ratio (for x=10) (da
Silva et al. 1993). Polymorphic RAF markers were
named using the primer number of the manufacturer
followed by the number of polymorphic bands identified
by the same primer in descending molecular-weight or-
der. AFLP markers were identified by the primer com-
bination, consisting of the three selective nucleotides in
the EcoRI primer, followed by the three selective nu-
cleotides in the Msel primer, followed by number of
polymorphic bands in descending molecular-weight or-
der. SSR markers were labeled m followed by the name
and identity number from the Sugarcane Microsatellite
Consortium collection and a letter denoting the allele in
descending molecular weight.

Map construction

Linkage analysis was carried out with SD markers in
coupling phase using MAPMAKER—Ver. 2.0 for the Mac-
intosh or ver. 3.0 for a PC (Lander et al. 1987). The
markers were grouped at a LOD of 5 and a 6 of 0.25
using two-point analysis. In an effort to condense some
of the fragmented LGs into single LGs, the LOD score
was reduced to 4. With a population of 227 a recombi-
nation fraction of 0.43 for linkage in coupling phase can
be detected at P < 0.01 (Wu et al. 1992). Linkage was
only retained at this LOD score when markers from the
same SSRs had already been identified as being linked
on another LG in the HG at an LOD of 5. The markers
were ordered within the groups using standard multi-
point analyses procedures. The order was considered
ambiguous when the most likely order was less than
tenfold more likely than the second one, and this was
highlighted on the map (Fig. 1). The Haldane function
was used to derive map distances from the recombina-
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tion fractions. The SD map was used as a framework
map to assign both the double-dose markers as de-
scribed in da Silva et al. (1995) and the markers present
in both parents as SD markers and segregating in a 3:1
ratio. The double-dose markers would be present twice
in the genome and could therefore also be used to
determine HGs. All double-dose markers and those
segregating in a 3:1 ratio were tested for linkage against
each other and SD markers. LGs formed within each
marker class were added to the map but double-dose
markers were only assigned to the map in their most
likely position. Where the markers segregating 3:1 or
double-dose markers formed new LGs with SD markers,
they were added to the map but not included in the
calculation for map distance.

To investigate pairing between LGs, we analysed
markers in repulsion. The segregation data matrix was
doubled after inverting the scores for each marker. A
two-point analysis was then carried out on the new
matrix with a LOD =5 and 6=0.25. Linkage was iden-
tified between the first set of data and the reverse phase
data to identify pairs of markers in repulsion. The dis-
tribution of these markers was analysed, and repulsion
was only accepted where large parts of the LG were
involved, as artefactual repulsion is more likely to in-
volve single pairs of markers (Wu et al. 1992; Qu and
Hancock 2001).

Construction of HGs

A single LG is based only on markers in coupling and
therefore will correspond to a single chromosome
among all of the chromosomes within a HG. LGs were
initially assembled into HGs if they contained two or
more of the same SSRs. In addition, LGs were puta-
tively added if they contained an SSR locus in common
with the HG. LGs were also included in a HG if they
were linked in repulsion with a LG already assigned to a
HG.

Results
Comparison of marker systems

A total of 163 SSRs were screened against the parents of
this population to determine polymorphism levels. Of
these, 117 (72%) were polymorphic between the parents
of this cross with at least one band difference. Across the
population 72 SSRs were scored (Table 1), producing
350 polymorphic bands of which 238 (75.6%) were SD.
The number of SD markers identified with each SSR
ranged from 1 to 16 with an average of 3.3 (Table 1).
The SSR markers mapped onto between 1 and 9 dif-
ferent LGs (Table 1).

The majority of the markers were generated using 40
AFLP primer combinations. These detected both
monomorphic and polymorphic bands, including
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Table 1 Simple sequence repeats (SSRs) screened across progeny of Q165®, polymorphism levels revealed, numbers of single- and double-
dose markers, number of markers mapped and location on homo(eo)logy groups (HGs) and linkage groups (LGs)

SSR Number of polymorphic bands HG LG

Total Single dose Single dose (%) 3:1 Double dose
mSSCIR1 16 6 37.5 0 5 2 12a, 6, 30, 3lc,
mSSCIR8 6 5 83.3 0 1 1 17, 42, 105, 19, 20
mSSCIR9 4 3 75.0 0 1 3 86, 24, 65
mSSCIR10 4 1 75.0 2 1 3 23,29
mSSCIR12 8 5 75.0 1 1 2 12a, 8, 58, 30, 107
mSSCIR 14 4 3 75.0 0 0 4 56, 78, 29,
mSSCIR15 3 2 100.0 1 0 6 82,71
mSSCIR16 3 2 66.7 0 0 7 60, 26
mSSCIR17 3 3 100.0 0 0 2 35, 12a, 8
mSSCIR18 3 0 333 1 1 - -
mSSCIR19 3 2 66.7 0 0 4 78, 12b
mSSCIR21 6 3 50.0 0 1 1 95, 43, 50
mSMC21SA 7 5 85.7 1 1 4 3, 1, 36, 31, 44
mSSCIR23 4 2 75.0 1 0 5 33
mSSCIR24 3 1 100.0 2 0 3 67
mSSCIR25 8 6 87.5 1 0 1,2,3,5 19, 53, 4, 69, 94, 55
mSSCIR26 2 1 50.0 0 1 2 12a
mSSCIR27 4 2 50.0 0 1 4 47,75
mSSCIR28 8 7 100.0 1 0 2 16, 8, 58, 30, 22, 31c,
mSSCIR29 4 3 75.0 0 1 1 43, 50
mSSCIR30 2 1 50.0 0 1 4 80
mSSCIR32 4 4 100.0 0 0 3 93, 28, 63
mSSCIR33 5 2 80.0 2 0 2 35, 8, 50
mSSCIR34 5 4 80.0 0 1 5 106, 79, 57, 55
mSSCIR35 4 2 50.0 0 2 3 4, 40, 74
mSSCIR36 6 5 100.0 1 0 1 17, 42,9, 19, 114, 27
mSC36BUQ 7 7 100.0 0 0 1 42, 81, 34, 47
mSSCIR37 3 2 66.7 0 1 3 72, 110
mSSCIR38 4 1 75.0 2 1 5 57, 44
mSSCIR39 4 4 100.0 0 0 5 106, 40, 76, 57
mSSCIR41 2 2 100.0 0 0 3 4,74
mSSCIR42 5 3 80.0 1 1 3 16, 15, 41
mSSCIR43 9 6 77.8 1 1 1 17, 42, 105, 27, 73, 50, 20
mSSCIR44 2 2 100.0 0 0 2 35, 12a
mSSCIR45 2 0 0.0 0 1 3 4,12
mSSCIR46 3 3 100.0 0 0 2 35, 12a, 53
mSSCIRS50 5 1 40.0 1 2 4 12b
mSSCIRS1 4 3 75.0 0 0 3 93,77, 63
mSSCIRS52 3 1 333 0 1 3 83, 21
mSSCIR54 7 4 57.1 0 1 2,3 15, 12b, 87
mSSCIRSS 4 4 100.0 0 0 6 62, 46
mSSCIR60 8 8 100.0 0 0 3 69, 11, 51, 65, 72, 45
mSMC63SA 5 4 100.0 1 0 3 4,12
mSSCIR64 4 4 100.0 0 0 6 62, 46 122
mSSCIR66 3 2 100.0 1 0 1 42,9
mSSCIR74 3 1 66.7 1 0 2 14, 39
mSSCIR75 3 3 100.0 0 0 3 4,39,7
mSMC75SA 8 7 87.5 0 0 3 4, 69, 67, 90, 101, 41
mSSCIR77 6 5 83.3 0 0 1 17, 105, 43, 50, 20
mSMCI119SA 1 0 100.0 1 0 3 21
mSMCI179SA 6 6 100.0 0 0 1 17, 42,9, 19, 50, 114
mSC286CS 6 6 100.0 0 0 3 4, 52
mSMC292MS 10 10 100.0 0 0 1-7 17, 50, 13, 94, 7, 44, 79, 71, 32
mSC334BS 2 0 50.0 1 0 - -
mSC336BS 6 4 66.7 0 2 2 87, 13, 30, 31c
mSC597CS 4 3 100.0 1 0 3 4,94, 74
mSC851MS 5 5 100.0 0 0 2 12a, 8, 6, 31c, 107
mSMCI1047HA 4 4 100.0 0 0 4 44, 36, 31, 13
mSMC1608CL 6 4 100.0 2 0 3 65, 24, 108
mSMCI1120HA 7 4 85.7 2 1 4 3, 48, 56, 111, 51
mSMCI1149HA 5 4 80.0 0 1 4,5 31, 55,33 115
mSMCI1218LA 2 0 0.0 0 2 2 39
mSMCI1232LA 4 1 25.0 0 3 4 64
mSMCI1237FL 5 3 60.0 0 2 4 3,79, 25,
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SSR Number of polymorphic bands HG LG

Total Single dose Single dose (%) 3:1 Double dose
mSMC1481CL 4 3 100.0 1 0 3 69, 21, 65, 47
mSMC1493CL 5 5 100.0 0 0 4 3,25, 80, 64, 73,
mSMC1527CL 5 0 60.0 3 2 8 28, 71, 55
mSMC1572CL 4 2 50.0 0 2 2 30, 16
mSMCI1814LA 8 5 75.0 1 2 2 6, 38, 85, 30
mSMCI1825LA 9 6 88.9 2 1 2 35, 12a, 8, 6, 53, 57,
mSMC2039FL 2 2 100.0 0 0 4 107, 64
mSMC2055FL 5 4 80.0 0 1 3 4, 94, 28, 63,
Total 350 238 - 36 47 8 101
Mean 4.9 33 75.6 0.5 0.7 1.1 3.2
Range 1-16 0-10 - 0-3 0-5 1-7 0-9

multi-dose markers. In total these primers generated 972
polymorphic bands, including 704 (72%) SD markers
(Table 2). The number of polymorphic bands per primer
pair varied from 13 to 39 with an average of 24.3 (Table
2). SD markers generated by individual AFLP primer
pairs mapped to between 7 and 22 different LGs (Table
2). Five RAF primers generated 43 polymorphic bands,
of which 26 (60%) were SD. This system gave lower
numbers of markers than AFLPs and the markers de-
tected were less consistent. For this reason, efforts were
concentrated on AFLP and SSR markers. Both AFLP
and SSR primers detected the same proportion of SD
markers, 72% and 75.6% respectively. They also de-
tected similar numbers of double-dose markers, 16.4%
and 13.4%, respectively (Tables 1, 2). AFLPs were used
to generate the majority of markers as a single gel could
produce up to 39 segregating markers. In contrast, the
maximum number of markers detected with an SSR was
16. Although the products of up to three SSR primer
pairs could be run on one gel, this could only be
achieved if the products were of a sufficient size differ-
ence, which was complicated by the large number of
alleles generated per primer pair in sugarcane. The
advantage of SSR over AFLP is the ability to determine
HGs.

Map construction

Using 40 AFLP primer combinations, 72 SSR primers
and five RAF primers, we scored 1,365 polymorphic
markers on this population. Of these, 967 (71%) seg-
regated as SD markers (1:1). As a large number of
markers were analysed with an expectation of over 100
LGs, a stringent LOD score of 5 was used to avoid
false linkage. Nine hundred and ten SD markers
formed 116 LGs (Fig. 1) with 57 unlinked markers. The
SD LG varied in length from 0.8 cM to 297.3 cM, with
a cumulative length of 9,058.3 ¢cM. The average dis-
tance between loci was 9.9 ¢M, but distribution along
the chromosomes was irregular. There were both den-
sely mapped regions and a number of gaps in the map

that were larger than 40 cM. However, with a popu-
lation size of 227, linkage at this distance is still sig-
nificant at P <0.01 (Wu et al. 1992). The large
population size also ensured that ambiguous marker
orders were strictly limited to those regions on the map
where linkage was tight.

Assignment of HGs using SSR markers

Of the 116 SD LGs, 96 formed into HGs using the SSR
markers (Fig. 1). In general, the order of SSRs was
consistent between LGs found within a HG. Order
change did occur with closely linked markers, but a
larger population would be needed for precise posi-
tioning within these small distances. In three cases
marker order was reversed between LGs. In HG 2,
markers mSC851MS and mSSCIR12 on LG 12a are
reversed on LG 57. In HG 3, the order of mSSCIR60
and mSMC1481CL on LG 69 is reversed compared to
that found on LG 65, and on LG 4 the marker order of
mSMC2055FL and mSSCIR32 is reversed compared to
that found on LG 63. These cases all involve markers at
the end of a LG, which are always more difficult to order
due to less co-informative data, as reported in other
species (Gardiner et al. 1993). Ten of the SSRs detected
duplication within a LG (mSSIR1, mSSIR10, mSSIR23,
mSMC1120HA, mSMC1527CL, mSMC1825LA, mSS-
CIR55, mSSCIR60, mSMC63SA and mSMC75SA).
These were detected on HGs 2, 3, 4, 6 and 8, with four of
the ten located on HG 3. In all but four cases the SSR
markers mapped only to one HG. Markers generated by
SSR mSMC292MS mapped to all but one HG, while
markers generated by mSSCIR25 mapped to four HGs
and mSSCIR54 and mSMCI1149HA to two HGs each
(Table 1, Fig. 1).

Addition of double-dose and 3:1 markers

The addition of 77 double-dose markers (123 markers,
as 31 mapped to one LG only) and 36 3:1 segregating
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Table 2 Amplified fragment length polymorphism (AFLP) primer pairs screened across progeny of Q165®, polymorphism revealed and

numbers of single- and double-dose markers

Primer pair Number of polymorphic bands Number of
EcoRI/Msel linkage groups
Total Single dose Single dose (%) Double dose 3:1
Aaccac 29 21 72.4 4 2 19
Aaccag 25 18 72.0 4 2 14
Aaccat 27 18 66.7 7 5 20
Aaccta 33 24 72.7 7 5 21
Aacctc 15 9 60.0 2 4 8
Aagcaa 16 12 75.0 1 5 12
Aagcat 17 11 64.7 3 3 7
Aagcta 26 17 65.4 5 10 14
Aagctc 39 27 69.2 7 4 20
Aagctt 16 10 62.5 4 5 10
Acacat 33 28 84.8 2 2 22
Acacta 30 24 80.0 3 5 21
Acactc 28 16 57.1 6 2 13
Acactg 30 19 63.3 6 1 16
Acccac 18 12 66.7 4 1 11
Acccag 30 25 83.3 3 2 20
Acccat 26 20 76.9 4 4 17
Acccta 32 27 84.4 3 1 19
Accctc 32 23 71.9 6 5 17
Accctg 33 25 75.8 3 4 21
Acgcac 17 13 76.5 3 1 11
Acgcag 20 15 75.0 2 0 11
Acgcta 28 24 85.7 3 7 20
Acgcte 13 12 92.3 1 1 10
Acgctg 15 14 93.3 1 2 10
Acgctt 22 17 77.3 2 2 13
Actcat 27 19 70.4 5 0 16
Actctg 16 10 62.5 4 7 9
Actctt 17 10 58.8 7 1 10
Agccac 18 12 66.7 4 4 11
Agccag 22 11 50.0 7 3 10
Agccat 24 19 79.2 2 3 17
Agccta 27 18 66.7 6 S 12
Agccte 17 11 64.7 5 1 10
Agcctg 22 16 72.7 4 2 17
Aggcac 34 20 58.8 6 2 17
Aggcag 16 12 75.0 3 1 10
Aggcta 35 25 71.4 6 1 19
Aggcte 24 21 87.5 2 5 17
Aggctg 23 19 82.6 2 2 18
Total 972 704 - 159 122 -
Mean 24.3 17.6 72.4 4.0 3.05 14.8
Range 13-39 9-28 - 1-7 1-10 7-22

markers enabled another 20 LGs to be identified (Fig.
1). These consisted of seven LGs that contained both
double-dose and 3:1 segregating markers, three that
contained only double-dose markers and ten that con-
sisted of only 3:1 markers or 3:1 and SD markers.
Double-dose markers were also used to determine HGs
as they mapped to two LGs within the same HG. Of the
77 double-dose markers assigned to the map, 46 were
located on two different LGs. These were used to con-
firm the location of 37 LGs and added a further eight
LGs to the HGs (Fig. 1). The addition of the double-
dose and 3:1 segregating markers revealed another HG
(HG 8), which contained no SD markers. Finally, the
detection of repulsion between LGs was also used to
assign LGs to a HG. Using this method LG 3 and LG
113 were assigned to HG 3. Two small HGs were

combined into HG 6 as LG 71 and LG 62 are in
repulsion, and LG 32 was added to HG 7. In total, there

»
>

Fig. 1 A genetic linkage map of sugarcane cv. Q165 generated
from 227 individuals. The numbers on the left are the genetic
distances in Haldane centiMorgans (cM) between markers. Marker
names are on the right: double-dose markers start with a star and
are underlined and placed in their most likely position; 3:1
segregating markers have an x at the beginning of the name.
Double-dose markers that were used to confirm or build HGs are
in bold. Uncertain orders (alternative orders not ruled out at
LOD=1) are represented by hatches. The LGs are placed in their
HGs using both SSRs and double-dose markers. Linkage in
repulsion between linkage groups is represented by lines. All
markers within the two solid associated lines were in repulsion with
all other markers on the alternative linkage groups at a LOD>5.
The dashed lines represent repulsion at a LOD>3.
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Fig. 1 (Contd.)

were 136 LGs formed with 1,074 markers, of which 915

were SD markers, 123 were double-dose markers and 36

were 3:1 segregating markers. These LGs formed eight

HGs with nine LGs unassigned (Fig. 1).

29
P msscirios
278 ]
SSCIR10-¢
365 =]
Aacetat?
354 =)
gectals
Ageca20 72
mSSCIR37-b
230 —|
Aggeacdd
7.7 ]
mSSCIR60-1

Analysis of HGs incorporating all markers

Of the 136 LGs, 127 formed eight HGs, each containing

between 3 and 37 LGs. Markers were not evenly
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distributed over the different HGs (Fig.

1), with the

largest HG containing 301 markers and the smallest
containing 11. For HG 4, two larger LGs had homology

to two separate groups of smaller LGs.

The SSRs

demonstrated a consistent marker order within each
subgroup. (The top group contained mSMCI1120HA,
mSSCIR14, mSSCIR50, mSSCIR19, mSMCI1237FL,

and the

lower

group

contained mSMC2ISA,
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mSMC1493CL, mSMC1047HA) (Fig. 1, HG 4). The
double-dose markers located in this group were always
located to two LGs within a subgroup and not across the
subgroups. Decreasing the LOD score to 2 did not result
in any of these groups coalescing into a single LG. A
similar situation exists for HG 3 although it is not as
clearly defined as HG 4. Each of the subgroups has its
own conserved group of SSRs across the LG. The
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double-dose markers also reflect the subgroups and are
located on two LGs in one or the other subgroup but not
across them (Fig. 1). Interestingly, the SSR
mSMC292MS, which are located on all HGs with the
exception of HG 8, and mSSCIR2S5, located on four
other HGs, are on both subgroups in different positions.

Double-dose markers were not evenly distributed on
the linkage map, with HG 5 having two markers and
HG 3 having 33 markers (Fig. 1). This could be a
reflection of map coverage with some groups having
much higher genome coverage than others. Some groups
had large regions that contained just double-dose
markers. HG 1 has a group of 8 double-dose markers
that are linked to LG 19 and LG 34 that span 91.2 cM
(data not shown).

Chromosome pairing

Linkage was examined between all markers in repulsion
and all other markers in the map. A total of 40 LGs were
linked in repulsion with other LGs at a LOD=5 (Fig. 1).
The high LOD score was used to minimise spurious
linkage. Repulsion was detected in every HG, with the
exception of HG 8, which is a consequence of it con-
sisting of only 3:1 and double-dose markers. In all cases,
the repulsion was detected over the majority of the LGs
involved (Fig. 1). In HG 1, repulsion was detected in
four LGs, which formed a multi-chromosome pairing
group. LG 42 was in repulsion over the whole of its
length with LG 17. Repulsion was also detected between
LG 42 and LG 9 and LG 105, which are probably an-
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other pair as LG 9 and LG 105 are probably parts of a
single LG (Fig. 1). In HG 2, four LG formed two pairs,
LG 12b with LG 87 and LG 11 with LG 53. Another
four LGs, LG 8, LG 6, LG 12a and LG 35, all paired
with each other, forming another multi-chromosome
pairing group. The strongest repulsion was between LG
12a and LG 8 and the weakest between LG 35 and LG 6
(Fig. 1). In HG 3, repulsion was detected between 16
LGs, ten of which formed four pairs, LG 113 paired
with LG 41; LG 74 paired with LG 77 and LG 28, which
are probably part of the same LG; LG 4 paired with LG
12 and LG 39, which again could be part of the same
LG; LG 24 paired with LG 86 (Fig. 1). Repulsion was
detected between another six LGs, which formed a
multi-chromosome pairing group; these included be-
tween LG 3 and LG 51, which could possibly be part of
one LG and repulsion to LG 65 and LG 110, which
again could be part of the same LG. LG 51 also paired
with LG 69, which itself paired with LG 11. Repulsion
was also detected between LG 11 and LG 65. Interest-
ingly, repulsion was detected between LGs within the
subgroup of HG 3 and not between the subgroups (Fig.
1). In HG 4, lower levels of repulsion were detected. LG
44 and LG 36 were in repulsion and, interestingly,
strong repulsion was detected between LG 13 in HG 2
and LG 13 and LG 12b in HG 4. Again repulsion was
detected between LGs in the subgroups and not between
subgroups (Fig. 1). In HG 5, repulsion was detected
between four LGs; these formed two pairs—LG 57 and
LG 55, and LG 33 and LG 115 (Fig. 1). In HG 6,
repulsion was detected between LG 71 and LG 62, and
in HG 7, between LG 60 and LG 32 (Fig. 1).



Discussion
Linkage map

The map reported here consists of 915 SD markers,
leaving only 5.4% SD markers unlinked. The map
length using these markers is 9058.3 cM. With the
inclusion of double-dose and 3:1 segregating markers,
1,074 markers form 136 LGs, of which 127 (93%) can
be placed into eight HGs. Even with this number of
markers, the map is obviously not saturated, as there
are still 52 unlinked SD markers, 27 double-dose
markers that map to only one LG and an obvious
difference in coverage of the HGs (Fig. 1). One way to
estimate the total genome length would be to take the
mean length of the longest chromosome maps, which
are assumed to be saturated, and multiply these by the
number of chromosomes (Hoarau et al. 2001). How-
ever, due to the digenic composition of the sugarcane
cultivar genome, the longest LGs in each HG are likely
to be those of S. spontaneum, which contribute only a
small proportion of the genome. Previous studies have
shown that S. spontaneum LGs are generally better
covered by markers due to their more polymorphic
nature (D’Hont et al. 1994; Grivet et al. 1996). If these
LGs are excluded and the calculation based on the
longest remaining LGs, the average is 150 cM
(150x120= 18,000 cM). This is only a rough estimation
and is based on a polyploid plant with at least partial
polysomy. Using this estimate, the present map prob-
ably covers around one-half of the genome. We have
no information on the origin of markers and therefore
cannot determine which chromosomes are S. officina-
rum in origin and which are S. spontaneum. However,
the structure of the linkage map allows some compar-
ison to other studies. HGs 1 to 4 all contain one or two
LGs that are longer than the rest and have more
markers, which probably correspond to the S. sponta-
neum fraction of the genome. In this study, the S. of-
ficinarum  parent had much lower levels of
polymorphism than the cultivar parent (data not
shown). The majority of the LGs in this map are the
smaller, probably S. officinarum chromosomes, which is
in agreement with other mapping studies (Grivet et al.
1996; Hoarau et al. 2001) and is related to the lower
diversity seen in this species (Lu et al. 1994) and the
higher redundancy of the S. officinarum part of the
genome in modern cultivars.

Homo(eo)logy groups

There is a marked difference in coverage of LGs across
the HGs. HGs 1 to 4 have at least ten LGs per HG,
while HG 5 has eight LGs. HGs 6 to 8 are poorly cov-
ered with markers and have only three to five LGs (Fig.
1). This lower number of LGs could also be due to
aneuploidy, (i.e. there may be an unequal number of
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chromosomes in each HG). The lack of markers in these
groups is probably due to low levels of polymorphism in
this region of the S. officinarum part of the genome, as
has been seen in the other linkage maps produced for
Saccharum species (Grivet et al. 1996; Ming et al. 1998;
Hoarau et al. 2001). Ming et al. (1998) report that in
regions corresponding to sorghum LGs A, B, C, D, F
and G, Saccharum showed polymorphism levels of 71—
89%, whereas regions corresponding to LGs E, H, I and
J had polymorphism levels of 42—47%. The reason for
this difference could be that fewer SD markers are
available for mapping in certain parts of the S. offici-
narum genome. This could be a result of the 2n gamete
transmission during nobilisation and high inbreeding
due to only small numbers of S. officinarum lines being
used in the ancestry of sugarcane. An indication of this
is that HG 8 is only composed of markers that are
present in both parents but segregating as SD or double-
dose markers. da Silva et al. (1995) also identified a HG
composed of only double-dose markers in their S.
spontanteum map, indicating that the duplication of re-
gions of chromosomes occurs in both the S. spontaneum
and S. officinarum genomes.

Modern cultivars like Q165® are hybrids between S.
officinarum (x=10) and S. spontaneum (x=38) (D’Hont
et al. 1998) and contain 100—130 chromosomes, of which
15-25% are contributed by S. spontaneum (D’Hont et al.
1996). Previous linkage maps of sugarcane cultivars
have identified ten (Grivet et al. 1996), nine, 13 (Ming
et al. 2002), eight (Hoarau et al. 2001) and seven (Rossi
et al. 2003) HGs. The Q165® map has a similar number
of markers as the map of cv. R570 (Rossi et al. 2003). In
the Q165® map, eight HGs were formed. However, HGs
3 and 4 both appear to contain S. spontaneum chro-
mosomes that have homology to two separate sets of
smaller chromosomes that may derive from S. officina-
rum, thereby giving ten homology groups in S. officina-
rum. This observation is consistent with the bi-specific
origin of sugarcane and with the different basic chro-
mosome numbers of the ancestral species (Grivet and
Arruda 2001).

Addition of double-dose and 3:1 segregating markers

Double-dose markers were used to confirm HGs, and
using these and the 3:1 segregating markers, we were
able to add another 18 LGs to the map. This method
was used by da Silva et al. (1995) to determine HGs with
similar results. Linkage analysis within the double-dose
markers identified 11 LGs. Thesel1 LGs mapped to four
of the HGs and demonstrate that large sections of the
chromosomes are duplicated in sugarcane (Fig. 1). For
this reason any maps constructed for sugarcane cultivars
would benefit from incorporating multi-dose markers to
give high genome coverage. Six of the HGs contained
double-dose markers, but this inclusion is probably re-
lated to the higher coverage of these HGs rather than the
higher levels of duplication in some HGs than in others.
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Chromosome pairing

In this study 40 LGs were linked in repulsion with each
other. In all cases the LOD scores were high. These
formed into 11 pairs and three multi-chromosome
pairing groups (Fig. 1). The pairs were detected in all
HGs except for HG 8, but the multi-chromosome
pairing groups were only in HGs 1, 2, and 3. This could
be due to the higher coverage of markers in these
groups. Interestingly, HG 3 is one of the HGs that have
single S. spontaneum chromosomes with homology to
two sets of S. officinarum chromosomes. In comparison
to the results of Hoarau et al. (2001), this study de-
tected more repulsion phase linkage and also detected
multi-chromosome pairing groups; this could be due to
higher genome coverage in the present map. The pres-
ent study also detected repulsion between LGs in two
HGs, HGs 2 and 4. This could be an example of a
translocation, which is common in polyploids. For
example, the maize genome is a tetraploid, but no
completely homologous chromosomes have been iden-
tified, implying that considerable reorganisation has
taken place since polyploidy first occurred (Moore et al.
1995). Although the detection of all repulsion phase
linkage is precluded by the lack of whole genome
coverage, this study indicates that sugarcane has at
least a partial preferential pairing of chromosomes
within a HG and that recombination between HGs
probably occurs. Mudge et al. (1996) also detected
repulsion phase linkage in S. officinarum, but no
repulsion phase linkage was detected in the S. sponta-
neum map of SES208 (da Silva et al. 1995).

Comparison of two sugarcane cultivar genetic maps

The use of SSRs also allows the existing R570 linkage
map (Rossi et al. 2003), the largest sugarcane map
published to date, and the only other map constructed
in a sugarcane variety, to be compared with the map
generated in this study. The map generated in this
study has 49 fewer markers than the R570 map but is
1,213 cM longer. This could be because a number of
the RGAs on the R570 map map to the same place as
each other (Rossi et al. 2003). Thirty-four common
SSRs were used in the construction of the two maps. Of
the seven co-segregation groups (CGs) identified in the
R570 map, six can be tentatively aligned with five of
the eight HGs identified in the Q165® map on the basis
of shared common SSRs. However, there are a number
of examples of SSRs mapping to different CGs or HGs
in the two maps. For example, CG I on the R570 map
has five common SSRs, three of which map to HG 4
and two to HG 3 in the Q165® map. CG II has six
common SSRs, two of which map to HG 3, two to HG
5, one to HG 4 and one to HG 1 in the Q165¢ map. CG
IIT has four common SSRs, two map to HG 6 and one
each to HG 3 and HG 2 in the Q165® map. CG IV has
one SSR in common with the Q165® map, and it maps

to HG 2. CG VI has five common SSRs, all of which
map to HG 3 in the Q165® map. CG VII has three
common SSRs, all of which map to HG 1, and CG
VIII has nine common SSRs, seven of which map to
HG 2, one to HG 5 and one to HG 3 in the Q165® map.
As both maps identified SSRs that mapped to more
than one HG, it could be that in some cases the loci
that map to different HGs are the result of different
polymorphic markers being detected with the same SSR
in the two populations. Another explanation could be
that translocation occurs in the development of sugar-
cane cultivars. Cuadrado et al. (2004) carried out in situ
hybridisation on three sugarcane cultivars, and subse-
quently were able to identify numerous examples of
chromosome remodelling, including different numbers
of recombinant chromosomes in the three cultivars.
The rearrangement in the map positions of SSRs in the
two maps of R570 and Q165¢ could also be a result of
remodelling between HGs. The repulsion detected in
this study between HGs 2 and 4 also provides evidence
of possible recombination between HGs. Although a
larger number of common markers between the two
maps are needed to verify the results found in this
study, our results suggest that genetic maps produced
for different cultivars will reveal different chromosome
arrangements, which is likely to impact on the use of
markers for sugarcane breeding.

To obtain sufficient genome coverage for QTL analysis
in sugarcane, breeders require large numbers of markers.
The extensive genome coverage of this map will facilitate
the detection of QTL for traits of interest in sugarcane.
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