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Abstract Commercial sugarcane cultivars (Saccha-
rum spp. hybrids) are both polyploid and aneuploid
with chromosome numbers in excess of 100; these
chromosomes can be assigned to 8 homology groups.
To determine the utility of single nucleotide polymor-
phisms (SNPs) as a means of improving our under-
standing of the complex sugarcane genome, we
developed markers to a suite of SNPs identiWed in a list
of sugarcane ESTs. Analysis of 69 EST contigs showed
a median of 9 SNPs per EST and an average of 1 SNP
per 50 bp of coding sequence. The quantitative pres-
ence of each base at 58 SNP loci within 19 contiguous
sequence sets was accurately and reliably determined
for 9 sugarcane genotypes, including both commercial
cultivars and ancestral species, through the use of
quantitative light emission technology in pyrophos-
phate sequencing. Across the 9 genotypes tested, 47

SNP loci were polymorphic and 11 monomorphic. Base
frequency at individual SNP loci was found to vary
approximately twofold between Australian sugarcane
cultivars and more widely between cultivars and wild
species. Base quantity was shown to segregate as
expected in the IJ76-514 £ Q165 sugarcane mapping
population, indicating that SNPs that occur on one or
two sugarcane chromosomes have the potential to be
mapped. The use of SNP base frequencies from Wve of
the developed markers was able to clearly distinguish
all genotypes in the population. The use of SNP base
frequencies from a further six markers within an EST
contig was able to help establish the likely copy num-
ber of the locus in two genotypes tested. This is the Wrst
instance of a technology that has been able to provide
an insight into the copy number of a speciWc gene locus
in hybrid sugarcane. The identiWcation of speciWc and
numerous haplotypes/alleles present in a genotype by
pyrophosphate sequencing or alternative techniques
ultimately will provide the basis for identifying associa-
tions between speciWc alleles and phenotype and
between allele dosage and phenotype in sugarcane.

Introduction

The genome of modern sugarcane cultivars is a com-
plex blend of aneuploidy and polyploidy derived from
interspeciWc hybridisation. Most sugarcane cultivars
contain more than 100 chromosomes which can be
assigned to 8 homology groups (Aitken et al. 2005;
Rossi et al. 2003). Over the past two decades, studies
utilising various molecular techniques to unravel the
complexity of this important crop species have pro-
vided a greater understanding of its complex genetic
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makeup (D’Hont 1994; Grivet et al. 1996; Ming et al.
2001; Rossi et al. 2003; Sills et al. 1995; Wu et al. 1992).
SigniWcant achievements include milestones that dem-
onstrate the use of single (markers present on one
chromosome only) and double dose (marker present
on two chromosomes) markers for mapping and QTL
analysis (Aitken et al. 2004; Hoarau et al. 2002; Ming
et al. 2001, 2002) and large-scale EST sequencing pro-
jects by SUCEST (Vettore et al. 2001), SASRI (Carson
et al. 2000), UGA (S.R. Schulze, H.M. Ma, J. Meizhu
Yang, J.E. Bowers, E. Mirkov, A.H. Paterson, unpub-
lished) and CSIRO (Casu et al. 2004). Whilst genome
mapping in sugarcane has made signiWcant progress, it
continues at a pace far slower than with many other
agricultural crops such as barley (Ramsay et al. 2000),
rice (Delseny et al. 2001) and sorghum (Mullet et al.
2002). A suite of tools is available for detailed molecu-
lar analysis and has been and is being widely used to
provide an insight into the genomes of predominantly
diploid species. A major challenge, however, is to
apply these new technologies to understand the com-
plex sugarcane genome.

Single nucleotide polymorphisms (SNPs) are being
identiWed and rapidly mapped to provide a rich source
of genetic information with potential for allowing a
greater insight into understanding the genic complexity
of many organisms. Sequence base substitutions have
been well characterised since the advent of sequencing
technology in 1977 and, indirectly, SNPs and indels
have been the basis of DNA-based genetic markers
such as restriction fragment length polymorphisms
(RFLPs), ampliWed fragment length polymorphisms
(AFLPs) and RAPDs amongst others. SNPs are pres-
ent in high frequency in any genome, are amenable to
high-throughput analysis and have the ability to reveal
hidden polymorphisms where other methods fail
(Bhattramakki et al. 2001). The understanding of dis-
eases and genetic variation in human individuals has
beneWted signiWcantly through the use of SNPs in geno-
mic studies. For example, SNPs in speciWc human
genes have been shown to be associated with the risks
of developing cardiovascular disease and susceptibility
to Alzheimer’s disease (Davignon et al. 1988), with
susceptibility for hip osteoarthritis (Mototani et al.
2005), and with increased risk of thrombosis (Bertina
et al. 1994; Ridker et al. 1995). In addition, pharmacog-
enomics uses SNPs to predict responsiveness to drug
therapy to provide better response medicines to
patients (Pfost et al. 2000). In plants also, a number of
studies have been able to link SNPs with phenotypic
traits of agronomic interest. These include SNPs identi-
Wed in a putative betaine aldehyde dehydrogenase
2 gene responsible for the fragrance trait in rice

(Bradbury et al. 2005) and SNPs found in the starch
synthase IIa gene associated with starch gelatinisation
temperature in rice (Waters et al. 2005). These studies
highlight the usefulness of SNP markers, demonstrat-
ing both the abundance of this marker type and the
potential causal association between a single nucleo-
tide alteration and organism phenotype.

In recent years, SNPs have become important as
genomic markers, with numerous technical methods
developed for their detection (Gut 2001). Unfortu-
nately, the majority of these methods are applicable
mainly to diploid genomes where a simple presence/
absence of either one or both of the alternative bases
would indicate homozygosity or heterozygosity. Sugar-
cane, however, is a complex polyploid and aneuploid
species, containing an estimated 8–14 copies of every
chromosome (Aitken et al. 2004; Rossi et al. 2003) with
individual plants also being highly heterozygous. Thus,
for the sugarcane equivalent of a single copy gene in a
diploid, located in a homology group containing 14 chro-
mosomes, up to 14 diVerent alleles could be present,
with individual alleles present in varying numbers. Thus,
the frequency of a SNP base at a gene locus will be
determined by both the number of chromosomes carry-
ing the gene and the number of diVerent alleles and fre-
quency of each allele possessing each SNP base. Hence,
any method used to detect SNPs at a particular locus in
sugarcane must be able to determine the frequency of
each base in diVerent genotypes, rather than only detect-
ing the presence and absence of SNPs. In sugarcane, a
SNP may be polymorphic between two genotypes
because it is present in one and absent in another or
because the SNP base scores diVer due to the genotypes
possessing diVerent alleles or diVerent numbers of cop-
ies of each allele. Such detection systems are generally
more complex and expensive than simpler and more
common methods used for detecting less complex
genomes (Ahmadian et al. 2000; Alderborn et al. 2000;
Nurmi et al. 2001; Ross et al. 1998; Storm et al. 2003).

Genetic maps are widely used in plant breeding to
identify genomic regions controlling traits of interest.
Such information assists in understanding the genetic
basis of the target trait, as well as providing DNA mark-
ers for use in marker-assisted breeding. In sugarcane,
only markers that are present as a single copy in one
parent and absent in the second (i.e. single dose [SD]
marker) can be incorporated into maps using popula-
tions of conventional size (» 250 progeny) (Wu et al.
1992). In these populations, SD markers segregate in a
1:1 ratio; the approximate map position of double dose
(DD markers) can also be deduced. Marker systems
such as AFLPs, simple sequence repeats or microsatel-
lites (SSRs) and RFLPs can provide a large number of
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SD and DD markers for mapping in sugarcane. Several
studies have identiWed markers linked to quantitative
trait loci for sugar- and disease-related traits (Aitken
et al. 2005; Daugrois et al. 1996; Hoarau et al. 2002;
McIntyre et al. 2005a, b; Ming et al. 2001; Rossi et al.
2003). However, with the exception of a limited number
of resistance gene analogues (RGAs) and candidate
gene/ESTs mapped as RFLP markers (McIntyre et al.
2005a, b; Ming et al. 2001; Rossi et al. 2003), most of the
markers in these studies have been anonymous mark-
ers. Currently, a limited number of papers describe the
potential value of SNPs for development into a marker
system for sugarcane. These include a discussion on the
ability of SNPs to delineate a set of 64 ESTs into two
groups that are likely to represent two gene family
members of 6-phosphogluconate dehydrogenase
(Grivet et al. 2001); the delineation of 178 ESTs into
three paralogous genes to reveal the expression of an
Adh2 and two Adh1 genes in sugarcane (Grivet et al.
2003); the use of SNPs for development into co-domi-
nant cleaved ampliWed polymorphic sequence (CAPS)
markers (Quint et al. 2002); and the use of SNPs to map
several candidate genes and ESTs (McIntyre et al.
2006). These reports are an indication that the develop-
ment of SNP markers identiWed from EST sequences
will provide a valuable marker system for mapping can-
didate genes and for identifying the genetic basis of
QTLs of agronomically important traits.

In this study, we have selected a suite of candidate
genes, of known and unknown function, which from
diVerential expression studies appear to be up-regu-
lated in maturing cane stem. Using this suite of sugar-
cane genes, we have investigated the frequency of
SNPs in sugarcane ESTs and the use of pyrophosphate
sequencing technology to quantify each base at a SNP
locus. We demonstrate the utility of this marker system
for such applications as genotyping, mapping and
determining allele haplotypes of candidate genes.

Materials and methods

The identiWcation of SNPs for development into a
marker may be accomplished in a number of ways. In
this study, due to the abundance of available sugarcane
EST sequences in public databases, it was possible to
use the relatively low cost method of in silico SNP dis-
covery.

Selection of candidate genes and sequences

An initial list of 100 candidate genes was selected
based on studies (Casu et al. 2003, 2004) involving

diVerentially expressed transcripts from maturing stem
of sugarcane. EST sequences from candidate genes
were matched with tentative unique contigs (Saccha-
rumtuc) obtained from the clustering of sugarcane
ESTs by PlantGDB on 22/01/2004 (http://www.plant-
gdb.org/), a National Science Foundation (USA)
funded project to develop plant species-speciWc EST
databases. ESTs used by PlantGDB in the clustering
were obtained from GenBank and clustered using the
program CAP3 (Huang et al. 1999). Of the 100 candi-
date genes, 69 matched with tentative unique contigs.

SNP identiWcation

The SNP identiWcation was carried out using an in-
house developed Perl script that colour codes columns
with mismatched characters. Putative SNPs selected
for marker development were from contigs that com-
prised a minimum of Wve ESTs in the alignment and
where both preceding and proceeding bases were non-
identical to the putative SNP bases. SuYcient bases
were required between SNPs for sequencing primer
design.

Plant material

Nine sugarcane genotypes were selected for the initial
screening of markers (Table 1). The selection included
commercial and ancestral cultivars, progeny of a map-
ping population and a noble cane. Eight are parents of
four mapping populations. The ninth genotype, Q124,
is a widely cultivated commercial cultivar. In addition,
up to 80 progeny of the IJ76-514 £ Q165 segregation
cross were used to measure base quantities at individ-
ual SNP loci in a selected set of candidate genes. DNA
from all genotypes was a gift from K. Aitken (CSIRO
Plant Industry, Brisbane, Australia).

PCR and primer design

The use of the Pyrosequencer requires: (1) a single-
stranded DNA template in which the SNP or SNPs
reside; and (2) a SNP detection primer that is compli-
mentary to the template with its 3� end between 0 and
4 bp from the SNP. Unlike the single base primer
extension assay (Syvänen 1999), there is no require-
ment for the primer to anneal adjacent to the polymor-
phic nucleotide site.

For ease of design, the SNP detection primer is pref-
erentially designed in the forward direction and com-
plimentary to the template strand. Only the template
strand is required in the Pyrosequencer. To separate
the template strand, it is biotinylated in a PCR ampliW-
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cation process through the use of a biotin-labelled
primer. The biotinylation of primers in a developmen-
tal phase is highly costly. Hence, an alternative method
utilising a universal biotin-labelled 11-mer for attach-
ment to the template strand was utilised (Pacey-Miller
et al. 2003). BrieXy, the method involves two sequen-
tial PCR ampliWcation reactions. The Wrst PCR ampliW-
cation uses a desalted forward primer and a reverse
primer with an additional 11 base tag sequence 5�-
GCCCCCGCCCGNNNNN...NNNNN-3�. The second
PCR ampliWcation step uses the same desalted forward
primer and a biotin-labelled 11 base tag, with the
sequence 5�-(Biotin)GCCCCCGCCCG-3�, as the
reverse primer. This produces PCR products with a
biotin-labelled reverse strand.

The criteria for optimal PCR primer design were for
the ampliWcation of a template product between 80 and
200 bp, with shorter fragments preferred. PCR primer
length was set at 21§3 bp; Tm between 50 and 65°C;
GC content between 40 and 60%; and complementar-
ity of 2 bp or less at the 3�-end.

Criteria for the selection of sequencing primers were
a primer length between 13 and 19 bp; average Tm of »
50°C (range between 43 and 53°C); 3�-end between 0
and 5 bp from the identiWed SNP; and no 3�-end com-
plementarity greater than 2 bp due to the low running
temperature of the Pyrosequencer at 28°C. Where a
putative SNP was immediately Xanked by a base iden-

tical to either SNP base, primer design was abandoned
due to the diYculty in partitioning the contribution to
the frequency by the actual SNP and that of the sur-
rounding identical bases.

All primers, with the exception of the biotin-labelled
oligonucleotide, were designed using the software pro-
gram, Primer Premier v 5.00 by PREMIER Biosoft
International. All biotin-labelled oligonucleotides
were synthesised and HPLC puriWed by Proligo, Singa-
pore. All others were synthesized by Proligo, Lismore,
Australia.

The PCR template primers were used to amplify
genomic DNA from the genotypes tested. First ampliW-
cation round PCR was carried out in a total of 25 �l
containing 20 ng template DNA, 0.2 �M of forward
and reverse primers, 0.2 mM of each dNTP, 1.0 mM
MgCl2 and 1 U Platinum Taq polymerase (Invitro-
gen—Life technologies) in the supplied buVer. Reac-
tions were undertaken on a Perkin Elmer 9700
thermocycler. Cycling conditions were 3 min at 94°C
followed by 35 cycles of 10 s at 94°C, 30 s at the appro-
priate annealing temperature (50–65°C), 30 s at 75°C
and a Wnal extension step of 5 min at 75°C. In the sec-
ond PCR ampliWcation to attach the biotinylated tag
sequence, the relevant forward or reverse primer
(depending on the sequence direction of template
strand desired) was replaced with the biotin tag with
ampliWcation being carried out over 40 cycles, with

Table 1 Genotypes used in this study

a By convention, the parent used as the female in a cross is written Wrst

Genotype Species Chromosome number (2n) Commenta

Q117 Saccharum spp. hybrid » 107–109 Australian commercial cultivar; 
parent of segregation cross 
Q117 £ MQ77-340

Q124 Saccharum spp. hybrid Unknown Australian commercial cultivar
Q162 Saccharum spp. hybrid Unknown Australian commercial cultivar;

parent of BC1 segregation cross 
Q162 £ KQ99-1391

Q165 Saccharum spp. hybrid » 115 Australian commercial cultivar; 
parent of segregation cross 
IJ76-514 £ Q165

MQ77-340 Saccharum spp. hybrid Unknown Elite sugarcane parent;
parent of segregation cross 
Q117 £ MQ77-340

Mida Saccharum spp. hybrid Unknown Australian commercial variety;
parent of BC1 segregation cross 
KQ99-1410 £ Mida

KQ99-1391 Saccharum spp. hybrid Unknown Progeny of IJ76-514 £ Q165 population; 
parent of BC1 segregation cross 
Q162 £ KQ99-1391

KQ99-1410 Saccharum spp. hybrid Unknown Progeny of IJ76-514 £ Q165 population; 
parent of BC1 KQ99-1410 £ Mida

IJ76-514 S. oYcinarum 80 Noble cane; parent of segregation cross
IJ76-514 £ Q165
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25 ng DNA and 0.5 mM MgCl2. All other conditions
remained the same.

Pyrophosphate sequencing

Pyrophosphate sequencing uses the principal of de
novo incorporation of nucleotides (Nyrén et al. 1985;
Ronaghi et al. 1996, 1998). Each incorporation event is
accompanied by the release of pyrophosphate (PPi) in
a quantity equimolar to the amount of incorporated
nucleotide. The release of PPi triggers a cascade of
enzymatic reactions that culminates in the production
of light that is then detected by a charge-coupled
device or CCD camera. This is seen as a peak in a pyro-
gram™ with each light signal proportional to the num-
ber of nucleotides incorporated.

Labelled PCR products were separated for sequenc-
ing using the Pyrosequencing™ Vacuum Prep Tool.
Three microlitres of Streptavidin Sepharose™ HP
(Amersham) was added to 37 �l binding buVer (10 mM
Tris–HCl, pH 7.6, 2 M NaCl, 1 mM EDTA, 0.1%
Tween 20) and mixed with 20 �l PCR product and 20 �l
high-purity water for 10 min at room temperature
using an Eppendorf Thermomixer (15 min at
1,400 rpm). The magnetic beads containing the immo-
bilised templates were captured by rare earth magnets
and transferred to denaturation solution (0.5 M
NaOH) for 5 s, then onto a wash buVer 10 mM Tris–
acetate, pH 7.60, for 5 s. The vacuum was then released
and the beads released into a PSQ 96 Plate Low con-
taining 45 �l annealing buVer (20 mM Tris–acetate,
2 mM MgAc2, pH 7.6) and 0.3 �M sequencing primer.

The pyrophosphate sequencing reaction is carried
out automatically within the PSQ 96 system (Pyrose-
quencing AB, Uppsala, Sweden) using a SNP reagent
kit according to the manufacturer’s instructions and
the appropriate SNP detection primer. Within the
Pyrosequencer, pyrophosphate sequencing is per-
formed in a volume of 50 �l and an operating tempera-
ture of 28°C. Pyrosequencer scores are analysed using
the Allele Frequency QuantiWcation function in the
proprietary software by Pyrosequencing AB.

Results

SNPs identiWed in ESTs

Of the 100 candidate genes selected from a list of
diVerentially expressed ESTs in maturing cane stem
(Casu et al. 2004), 69 were identiWed in 990 clustered
ESTs deposited in the PlantGDB database (http://www.
plantgdb.org). Each cluster of sequences comprised

between 2 and 68 ESTs with an average of 14.35 ESTs.
Each consensus sequence averaged 1,150 bp in length
making a total of approximately 79,320 bases of
sequence. The number of putative SNPs per cluster of
ESTs ranged between 0 and 107, making a total of 1,588
putative SNPs across the 79,320 bases or an average of
23 (median of 9) SNPs per EST sequence or 1 SNP per
50 bp. InDels were not included in this estimate.

Marker development

Contigs comprising Wve or more sequences (53 in total)
were selected for SNP marker development. Taking into
consideration the criteria for primer design, 175 SNP
detection primers were designed to just over 180 puta-
tive SNPs in 19 contigs. This represents just over one-
tenth of the total number of putative SNPs identiWed.

To determine the technical repeatability of the pyro-
phosphate sequencing system in sugarcane, DNA was
isolated from leaf material from two genotypes, Q117
and Q124, collected from six geographical regions
within the Australian state of Queensland. These DNA
samples were scored using two SNP markers (SuS-
NP068-T388 and SuSNP077-A2155) developed as part
of an initial pilot study (data not shown). For both
genotypes and both SNPs, the allele scores were highly
repeatable, with a variance between 0.42 and 1.36%
and a percentage base composition diVering by a maxi-
mum of 2.4% (Table 2).

A total of 123 PCR primer pairs were designed to
amplify templates corresponding to the candidate
genes. As a set of PCR template ampliWcation primers
may cover a fragment length encompassing more than

Table 2 Base scores of two genotypes derived from six separate
geographical regions

Genotype Q117 (%:%) Q124 (%:%)

Marker: SuSNP068-T388
Location 1 A71.8:G28.2 A73.3:G26.7
Location 2 A74.5:G25.5 Data not available
Location 3 A72.0:G28.0 Data not available
Location 4 A71.5:G28.5 A74.0:G26.0
Location 5 A73.6:G26.4 A74.6:G25.4
Location 6 A72.7:G27.3 Data not available
Variance §1.36% §0.42%
Maximum variation 2.1% 1.3%
Marker: SuSNP077-A2155
Location 1 Data not available T38.5:C61.5
Location 2 T62.2:C37.8 T36.1:C63.9
Location 3 T59.8:C40.2 T38.2:C61.8
Location 4 T61.3:C38.7 T36.7:C63.3
Location 5 T61.1:C38.9 T37.0:C63.0
Location 6 T61.8:C38.2 T36.5:C63.5
Variance §0.83% §0.93%
Maximum variation 2.4% 2.4%
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one SNP detection primer, the number of SNP detec-
tion primers was greater than the number of PCR
primer pairs designed and synthesized. In addition,
several SNP detection primers detected more than one
SNP locus when these loci were only 2–5 bp apart.

More than 1,500 pyrophosphate sequencing runs
were performed to identify potential SNP markers of
value. Attrition of both primer types resulting from
complete ampliWcation failure, non-speciWc priming or
self-priming, reduced the number of SNP detection
primers to 53 and PCR template ampliWcation primers
to 45 pairs. As some SNP detection primers detected
more than one SNP locus, a total of 58 SNP loci were
detected by the 53 detection primers. Primer sequences

of both PCR and SNP detection primers are listed in
Table S1. Of the 58 SNP loci, 48 were polymorphic and
10 monomorphic across the 9 genotypes tested. These
58 markers fell into 19 contiguous sequence sets
(Table 3). Each SNP marker was named according to
the tentative unique contig it was derived from and the
SNP location on that contig.

Base frequency scores were measured for all 58 SNP
loci in the 9 genotypes; as a representation of these data,
scores for 5 SNP loci, crcSNP13343-A153, crcSNP14965-
T473, crcSNP16213-C1234, crcSNP19357-A503 and
crcSNP19357-C869 across the 9 genotypes are presented
in Table 4. Each genotype has a unique combination of
base scores, illustrating how these markers provide

Table 3 Developed markers in relation to the contiguous sequences they were derived from

a Contig number is derived from contigs as assembled by PlantGDB on 22 January 2004. The preWx ‘Saccharumtuc’ has been omitted
b As determined by Casu et al. (2003, 2004)
c A marker is considered polymorphic when base scores diVer in at least one out of the nine genotypes tested
d Each detection primer may detect more than one SNP. Hence the total number of SNPs detected can be greater than the number of
primers

Contig 
numbera

ClassiWcationb Putative functionb ESTb No. of detection 
primers

Nature of 
detected SNPsc

Totald

1328 Chromatin and DNA 
metabolism

Histone protein MCS009G11 1 1 polymorphic 1

3473 No assigned function SigniWcant but no function 
assigned

MCSA142C12 1 1 polymorphic 1

5209 No assigned function SigniWcant but no function
assigned

MCSA070G11 1 1 polymorphic 2
1 1 monomorphic

5597 Membrane transport Lipid-transfer protein YCS35.072 2 2 polymorphic 2
5876 Primary metabolism Phenylalanine ammonia-lyase MCSA034B10 2 1 polymorphic 2

1 monomorphic
5938 Carbohydrate metabolism Beta-galactosidase YCS43.096 4 4 polymorphic 4
9123 Primary metabolism ATP citrate-lyase YCS39.068 7 7 polymorphic 8

1 monomorphic
9844 No assigned function SigniWcant but no function 

assigned
YCS15.038 2 1 polymorphic 2

1 monomorphic
10813 Carbohydrate metabolism Beta-glucosidase YCS15.042 2 1 polymorphic 2

1 monomorphic
11026 No assigned function SigniWcant but no function

assigned
MCSA061E12 1 1 polymorphic 1

13343 Primary metabolism Hydrolase MCSA035A02 3 3 polymorphic 3
14965 No assigned function SigniWcant but no function 

assigned
MCSA141D07 2 3 polymorphic 3

14977 Defence/stress-related 
proteins

DAHP synthase MCSA114C05 2 2 polymorphic 2

15943 Primary metabolism Phenylalanine ammonia-lyase MCSA042E11 4 4 polymorphic 4
16213 Fibre biosynthesis and 

degradation
CaVeic acid 

3-O-methyltransferase
MCSA064G01 5 7 polymorphic 8

1 monomorphic
19357 No assigned function SigniWcant but no function

assigned
MCSA118F07 2 2 polymorphic 2

22783 No assigned function SigniWcant but no function
assigned

MCS006G04 2 1 polymorphic 2
1 monomorphic

23154 Gene expression and RNA 
metabolism

RNA binding protein MCSA116D01 4 3 polymorphic 4
1 monomorphic

27819 Cell wall structure or 
metabolism

Proline-rich protein YCS43.031 5 3 polymorphic 5
2 monomorphic

53 48 polymorphic
10 monomorphic 58
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unique Wngerprints for individual genotypes. Base fre-
quency scores for the remaining markers that scored as
polymorphic are presented in Table S2.

Sugarcane lines KQ99-1391 and KQ99-1410 are
progeny from a cross between IJ76-514 and Q165. For
the Wve SNPs, the base scores of the two progeny lines
(KQ99-1391 and KQ99-1410) are intermediate
between the base scores of the two parents (Table 4).
Across the eight Australian hybrid genotypes, the base

frequencies varied 1.75§0.09 fold, although this diVer-
ence is closer to twofold when calculated over the full
set of markers tested.

As Saccharum oYcinarum is an octoploid, there are
eight copies of each chromosome. Thus, single dose
bases at SNP loci in IJ76-514 should be approximately
13:87 or vice versa. As sugarcane varieties such as
Q165 have an estimated 12 copies of each chromo-
some, single dose bases at SNP loci should be approxi-
mately 8:92. Similarly, DD bases should be
approximately 25:75 or 17:83 for the two parental lines,
respectively. On this basis, the number of tentative sin-
gle, double, triple and multi-dose markers across the
parents of the two segregation and two back cross pop-
ulations are presented in Table 5. The putative dosage
for each marker was subjectively determined by its
proportional representation in the genome. Due to a
lack of information on the exact number of alleles of
each gene in a sugarcane genotype, it is impossible to
determine the exact dosage without scoring the mark-
ers on a large number of progeny from each segregat-
ing population. The information does, however,
provide an indication of the proportion of SD and DD
markers that can ultimately be used for mapping.

ConWrmation of selected SD and DD markers iden-
tiWed in the IJ76-514 £ Q165 segregation cross was car-
ried out by running the relevant markers across a
subset of progeny from the IJ76-514 £ Q165 mapping
population (Table 6). Single (markers present once in
one parental genome) and double (markers present
twice in one parent) dose markers segregate in a ratio
of 1:1 and 11:3, respectively (da Silva et al. 1993). Each
of the segregation ratios of the SD and DD markers
was tested against the expected ratios using a �2 test for
the respective markers. Segregation ratios did not sig-
niWcantly diVer from the expected ratios in all three
cases, conWrming the dose level of the markers in the
parents.

Table 7 shows base frequency scores vary across the
diVerent SNP loci of the contig Saccharumtuc.5938
providing an indication that the locus is represented by
several alleles. To ascertain the likely copy number of
alleles at homo(eo)logous loci, the possible ratios for
each frequency score were initially determined. When
determining the possible ratios, based on the results in
Table 2, a variation of up to §2.4% was allowed for
each base frequency score. Hence, in most instances, a
base frequency score could represent two or more
possible ratios. By using a combination of multiple
SNP loci from a homo(eo)logous locus, it becomes pos-
sible to determine the likely copy number of the gene
based on the recurrence of a common possible copy
number across the assayed loci. For example, the base

Table 4 Fingerprints of the nine genotypes based on Wve SNP
markers

Genotype Marker Base score

IJ76-514 crcSNP13343-A153 A13:G87
crcSNP14965-T473 C0:T100
crcSNP16213-C1234 C55:T45
crcSNP19357-A503 A60:G40
crcSNP19357-C869 C40:T60

KQ99-1391 crcSNP13343-A153 A22:G78
crcSNP14965-T473 C13:T87
crcSNP16213-C1234 C81:T19
crcSNP19357-A503 A55:G45
crcSNP19357-C869 C45:T55

KQ99-1410 crcSNP13343-A153 A20:G80
crcSNP14965-T473 C11:T89
crcSNP16213-C1234 C60:T40
crcSNP19357-A503 A67:G33
crcSNP19357-C869 C54:T46

Mida crcSNP13343-A153 A33:G67
crcSNP14965-T473 C0:T100
crcSNP16213-C1234 C70:T30
crcSNP19357-A503 A50:G50
crcSNP19357-C869 C79:T21

MQ77-340 crcSNP13343-A153 A33:G67
crcSNP14965-T473 C18:T82
crcSNP16213-C1234 C48:T52
crcSNP19357-A503 A71:G29
crcSNP19357-C869 C66:T34

Q117 crcSNP13343-A153 A33:G67
crcSNP14965-T473 C0:T100
crcSNP16213-C1234 C80:T20
crcSNP19357-A503 A54:G46
crcSNP19357-C869 C54:T46

Q124 crcSNP13343-A153 A23:G77
crcSNP14965-T473 C0:T100
crcSNP16213-C1234 C50:T50
crcSNP19357-A503 A50:G50
crcSNP19357-C869 C79:T21

Q162 crcSNP13343-A153 A18:G82
crcSNP14965-T473 C0:T100
crcSNP16213-C1234 C69:T31
crcSNP19357-A503 A36:G64
crcSNP19357-C869 C64:T36

Q165 crcSNP13343-A153 A33:G67
crcSNP14965-T473 C9:T91
crcSNP16213-C1234 C67:T33
crcSNP19357-A503 A54:G46
crcSNP19357-C869 C54:T46
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frequency call of A59.3:G41.7 for the genotype Mida
has two possible ratios 6:4 or 7:5 that represent possible
copy numbers of either 10 or 12. Repeating this deduc-
tion across the assayed loci, the possible copy numbers
for Mida would range between 9 and 12. The copy
number 12 is, however, consistent for each base fre-
quency score across the 6 SNPs, indicating this to be
the most likely copy number for this locus. Similarly,
the most likely copy number for the locus in the geno-
type KQ99-1410 is 11.

In addition, the base frequency scores for the geno-
type Mida indicate the presence of at least three alleles
in this genotype. From Table 7, the SNPs at positions
1,663 (A base), 1,776 (T base), 2,338 (C base) and 2,377
(C base) have a similar frequency score of approxi-
mately 58% and could be on the same haplotype or

allele. SNPs at positions 2,026 (C base) and 2,083 (C
base) have a lower base frequency of approximately
33% and could either be on the subset of the higher
frequency (i.e. 58%) haplotypes or on the subset of the
lower frequency haplotypes (i.e. 41%) of the four SNPs
above. The third allele would be the remaining of the
base frequencies, i.e. 9% [100% ¡ (58% + 33%)].
Hence, the Wrst allele could have the most common
base (58%) of SNPs 1,663, 1,776, 2,338 and 2,377, and
the most common base (58%) at SNPs 2,083 and 2,338
giving a possible haplotype of ATTGCC; the second
allele could have the least common base (33%) at all 6
SNPs giving the possible haplotype of GGCCTT; and
the third allele could have the least common base at
SNPs 1,663, 1,776, 2,338 and 2,377 and the most
common base (9%) at SNPs 2,026 and 2,083 giving a

Table 5 Putative SNP base dosage as identiWed in the parents of four segregation crosses

Cross Monomorphic Multi-dose Triple dose Double dose Single dose Total markers

Q117 £ MQ77-340 16 30 0 5 2 53
IJ76-514 £ Q165 13 30 5 6 4 58
Average 15 30 2.5 5.5 3 55.5

Table 6 Putative SD, DD and MD markers tested on a subset of progeny from the IJ76-514 £ Q165 segregation cross to conWrm dosage

ND null dose or absent

Marker Dose SNP Base proportion (%:%) Progeny 
scored

Segregation ratio

IJ76-514 Q165

crcSNP14965-T254 DD T/C T100:C0 T83:C17 76 25DD:40SD:11ND (65:11)
crcSNP14965-T473 SD T/C T100:C0 T91:C9 79 34SD:45ND
crcSNP16213-T1310 SD T/C T100:C0 T92:C8 40 16SD:24ND

Table 7 Variation of SNP base frequencies from six SNP loci in contig Saccharumtuc.5938 and the deduced likely copy number of the
contig in two sugarcane genotypes

Marker Base frequency score(%:%) Possible ratios Possible copy numbers

Genotype: Mida
crcSNP5938-A1663 A59.3:G41.7 6:4 or 7:5 10 or 12
crcSNP5938-G1776 T58.0:G42.0 6:4 or 7:5 10 or 12
crcSNP5938-T2026 C33.1:T66.9 3:6 or 4:8 9 or 12
crcSNP5938-C2083 C34.8:G66.2 3:6 or 4:8 9 or 12
crcSNP5938-C2338 C57.0:T43.0 8:6 or 7:5 14 or 12
crcSNP5938-C2377 C59.3:T40.7 6:4 or 7:5 10 or 12

Likely copy number 12
Genotype: KQ99-1410
crcSNP5938-A1663 A63.1:G36.9 5:3 or 7:4 8 or 11
crcSNP5938-G1776 T63.5:G36.5 5:3 or 7:4 8 or 11
crcSNP5938-T2026 C28.6:T71.4 3:8 11
crcSNP5938-C2083 C37.1:G62.9 3:5 or 4:7 8 or 11
crcSNP5938-C2338 C62.8:T37.2 3:5 or 4:7 8 or 11
crcSNP5938-C2377 C60.0:T40.0 6:4 or 7:5 10 or 12

Likely copy number 11
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possible haplotype of GGTGTT. For the genotype
KQ99-1410, it can be surmised that at least four alleles
are present as SNPs 2,026 and 2,083 occur at diVerent
frequencies.

Discussion

The application of SNP marker technology to the poly-
ploid and aneuploid genome of sugarcane presents
complications not encountered with diploid genomes.
For example, the frequency of a heterozygous SNP
locus would be represented by a frequency of 50:50 for
each SNP base and 100:0 or 0:100 at a homozygous
SNP locus in a diploid organism. Often, there is no
need to determine the frequency of individual bases at
SNP loci, and detection systems that simply provide a
presence/absence result are suYcient to determine the
allelic variant present.

In sugarcane, the proportional frequencies of each
SNP base will vary depending on the number of alleles
of the gene containing the SNP locus. The ability to
capture this information accurately across several
SNPs within a set of homo(eo)logous alleles can give
an indication of the number of allele haplotypes pres-
ent for a gene and potentially provide the haplotype
sequences. This information could have implications
for sugarcane breeding. High performing sugarcane
lines could be due to the presence of a speciWc allele(s)
present at a gene locus or to a diVerent number of cop-
ies of a speciWc allele at a gene locus or to a combina-
tion of both. Knowledge of the sequence underlying
each allele haplotype has the potential to allow allele-
speciWc markers to be designed. However, information
on allele numbers and frequency are required before
these questions can be investigated.

Single nucleotide polymorphisms occur relatively
frequently in the genomes of all organisms. Varying
frequencies of SNPs per length of DNA sequence have
been reported; however, this is highly dependent upon
the gene and whether coding or non-coding regions are
examined. Studies using genomic DNA have found 1
SNP per 83 bases in the analysis on 8 maize inbred lines
(Bhattramakki et al. 2001); in barley, approximately 1
SNP per 27 bases were identiWed in the intronless Isa
gene (Bundock et al. 2004), and a study on the exonic
region of the P450 gene family members in barley
found approximately 1 SNP per 131 (Bundock et al.
2003). In human, one estimate of nucleotide diversity
across a set of 850 full-length coding sequences was
placed at approximately 1 in 3,300 bases (Garg et al.
1999), whilst estimates based on whole genome data
place the frequency at 1 in 1,000 bases (Sachidanan-

dam et al. 2001; Venter et al. 2001). In sugarcane ESTs,
an average of 1 SNP per 50 bases was identiWed. With
each EST contig averaging approximately 1,150 bp,
that would yield an average of 23 (or a median of 9)
potential SNPs for analysis.

Of the 58 SNP loci scored by the 53 detection prim-
ers, 42 loci were polymorphic and 12 monomorphic.
During the SNP selection process, an alternate base
had to occur at least twice in the EST cluster to avoid
selecting SNPs that may be a result of low-quality
sequence trace data. In a number of cases where the
developed marker has been identiWed as monomor-
phic, the alternate base was identiWed as present in
more than two ESTs. For example, in the marker
crcSNP10813-G1751, the putative SNP was identiWed
at the ratio of 22G (consensus base):6C (alternate
base); and in the marker crcSNP23154-C973, the puta-
tive SNP was present at a ratio of 16C:7T. Both these
markers were monomorphic across the nine genotypes
tested. This is, however, not unexpected as the major-
ity of EST sequences in the public database are derived
from genotypes developed in Brazil, whilst the geno-
types tested in here are, with the exception of IJ76-514,
developed in Australia. Hence, with a diVerent set of
genotypes, the ratio of polymorphic to monomorphic
markers may diVer.

An assessment of the technical repeatability of pyro-
phosphate sequencing was performed by testing two
markers (SuSNP068-T388 and SuSNP077-A2155) on
six individuals, each of two genotypes Q117 and Q124,
collected from six separate geographical regions in
Queensland, Australia. The results showed a variance
between 0.77 and 2.6% in pyrophosphate sequencing
scores. This variation in scores corresponds closely
with the 1.1–3.8% variance observed using the same
system in tetraploid potato (Rickert et al. 2002), indi-
cating the level of accuracy achievable with the system.
The base ratios were less than 1:2 in both cases.

Germplasm Wngerprinting using SNPs

As with other genetic marker systems, SNPs can be
used for germplasm Wngerprinting and marker-assisted
breeding (Bhattramakki et al. 2001) through the judi-
cial selection of a set of informative markers. The
United States Department of Agriculture estimates a
set of 43 well-selected markers will have suYcient
power to uniquely identify all 10 million cattle ever
registered with the American Angus Association
(Heaton et al. 2002). Whilst the high ploidy level of the
sugarcane genome is often seen as a disadvantage in
genome analysis, the resulting heterozygosity from the
mix of S. oYcinarum and S. spontaneum chromosomes
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(Bremer 1961) increases heterozygosity, allowing a
small number of markers to positively identify a rela-
tively large number of genotypes. In Table 4, it was
shown that the base scores from Wve markers are capa-
ble of uniquely identifying each of the nine genotypes
tested. It is also possible to select just two of the Wve
markers listed to uniquely identify the nine genotypes.

Sugarcane germplasm is maintained as living nurser-
ies and the accurate identiWcation of clones in collec-
tions is a major issue in sugarcane breeding and
varietal exchange programs. The accurate Wngerprint-
ing of clones with a set of informative SNP markers will
help eliminate duplicates in collection, eliminate clone
mislabelling and identify diverse germplasm and
resources of genes for speciWc breeding targets. The
Wngerprinting of clones will also assist in disputes over
varieties protected under Plant Breeders Rights.

Markers for mapping

Two markers putatively identiWed as SD in the IJ76-
514 £ Q165 parents showed the expected segregation
ratio of » 1:1 when scored on the progeny of the segre-
gation cross (Table 6). A third marker putatively iden-
tiWed as DD segregated in the expected 11:3 ratio
indicating that these markers have the potential for
being mapped onto sugarcane maps. However, the
robustness of the pyrophosphate sequencing system is
challenged by the high ploidy level of the sugarcane
genome and the 1:9 or 1:10 ratio of SD markers pushes
the limits of the dynamic range of the system, making
the calling of these extreme frequencies by the soft-
ware unreliable. Attempts at mapping the two SD
markers using the Pyrosequencer have failed due to
this limitation (Rickert et al. 2002; Ronaghi 2001;
Ronaghi et al. 1996, 1998) and alternative methods
such as mass spectrometry will need to be tested.

Many assay methods are available for SNP detection
and include hybridization, enzymatic methods, primer
extension, oligonucleotide ligation, 5�-nulclease assay,
light emission and mass spectrometry (Gut 2001; Syvä-
nen 2001). Whilst the ability to accurately quantify
SNP base frequencies provides additional information
about a locus and has the potential to determine allelic
haplotypes, it is not necessary for the purposes of gene
mapping. Mapping in sugarcane requires the eYcient
detection of markers that are present as SD or DD.
Hence, methods such as eco-tilling, which provides no
quantiWable information of each SNP base, can be used
for mapping if a SNP can be identiWed as being single
dose (McIntyre et al. 2006).

In silico SNP discovery for the speciWc purpose of
developing markers for mapping does have its limita-

tions. There is little information in aligned EST
sequences to indicate which putative SNPs will poten-
tially represent single dose markers in a particular seg-
regation cross and this needs to be veriWed empirically.
Out of the 69 candidate genes assessed, there were 42
polymorphic SNPs across the 9 genotypes tested. Just
four markers were identiWed as putative SD in the par-
ents of the IJ76-514 £ Q165 segregation cross and the
average number of putative SD markers in the parents
of all four segregation crosses was 3.25 (Table 5). Even
without testing the putative SD markers on the prog-
eny of the segregation crosses for conWrmation, this
represents between 4.7 and 9.5% of all polymorphic
markers developed. Approximately 71% of polymor-
phic AFLPs are SD and 75.6% of polymorphic SSR
bands (Aitken et al. 2005). At least 50 of 55 RGA
RFLPs generated at least 1 SD marker and could be
mapped (Rossi et al. 2003). Whilst the number of SD
markers that can be generated appears small compared
to other marker systems, it should be emphasised that
not all potential SNPs were developed into markers
due to the restraints placed on primer design.

The discovery process for SD markers is better
approached through the application of the tilling
method (Till et al. 2004) where multiple SNP loci can
be identiWed on a selected fragment of DNA. Applying
this method on a sample progeny population from a
segregation cross of interest will present potential seg-
regation ratios of each SNP. The SNP can then either
be developed into a marker for use on an alternative
detection system such as the Sequenom or the remain-
ing population ‘eco-tilled’ (Comai et al. 2004) to map
single dose markers. We have shown in a separate pub-
lication (McIntyre et al. 2006) that SD SNPs in sugar-
cane can be mapped through the eco-tilling process.

As a marker for association mapping

Modern sugarcane cultivars are derived from a small
number of crosses between an estimated 19 S. oYcina-
rum plants and 5 S. spontaneum plants. Linkage dis-
equilibrium in sugarcane has been found to extend
several cM in a low-resolution RFLP study (Jannoo
et al. 1999).

In theory, the association of SNP variations with
either the presence or absence of diVerent phenotypes
among individuals or among individuals from diVerent
populations appears straightforward. This simplistic
view does not account for the majority of base poly-
morphisms that do not result in any amino acid change.
Determining the haplotypes is more important for pre-
dicting individual phenotypes than are the underlying
SNPs. Determining haplotypes also allows the ability
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to infer the evolutionary history of a DNA region
(Templeton et al. 1988; TishkoV et al. 1998). However,
diYculties are encountered in determining SNP haplo-
types when inbred or homozygous individuals are not
available (Rafalski 2002) as is usually the case with sug-
arcane.

However, with the pyrophosphate sequencing tech-
nology, the ability to determine SNP base frequencies
provides the means to determine the likely copy num-
ber of homo(eo)logous loci (Table 7). Where chromo-
some counts have been performed for a genotype, this
information can be used to support the inference of the
most likely copy number of homo(eo)logous loci.
Knowledge of the number of homo(eo)logous loci will
assist in the deduction of the allelic composition of the
locus in any particular sugarcane genotype.

The ability to determine haplotypes opens possibili-
ties in unravelling the complexities of the sugarcane
genome. By deWning haplotypes in parents of crosses, it
may be possible to deduce their segregation in prog-
eny; or it could be used to determine allele dosage and
composition in any particular genotype to determine
phenotypic performance.

A number of computational methods exist to
resolve haplotypes from combinations of SNP ratios
from a single locus. These methods utilise such algo-
rithms as the expectation-maximization (EM) algo-
rithm (Clayton 1990; ExcoYer et al. 1995; Fallin and
Shork 2000; Hawley et al. 1995); Bayesian approaches
(Niu et al. 2002; Stephens and Donnelly 2003; Stephens
et al. 2001) and algorithms based on parsimony (Gus-
Weld 2001; Lancia et al. 2004). Without exception, these
methods have all been designed with the diploid
human genome in mind. The challenge now is to adapt
these methods to suit the ploidy level of sugarcane.

Summary

Through mining of the public EST databases, we have
determined that SNPs occur at high frequency in the
sugarcane genome. We have demonstrated that there
is considerable variation in base compositions at SNP
loci between sugarcane genotypes which can be used to
Wngerprint and identify individual genotypes. We have
also demonstrated that this variation in base composi-
tion segregates as expected in progeny of mapping
populations. The determination of individual allele
haplotypes within sugarcane by combining the infor-
mation on base composition at multiple SNPs within a
gene still requires further investigation. Single dose
SNPs appear to occur in sugarcane ESTs at a lower fre-
quency than SD markers generated using other meth-
ods; however, alternative methods of discovery may

help resolve this issue for ESTs that code for agronom-
ically desirable traits. Ongoing research includes the
investigation of alternative SNP detection methods,
such as eco-tilling for SNP discovery and mapping of
single dose markers in a member of the sucrose phos-
phate synthase gene family (McIntyre et al. 2006).
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