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Abstract The identification of markers linked to quan-
titative trait loci (QTLs) for increased sugar accumula-
tion could improve the effectiveness of current breeding
strategies in sugarcane. Progeny from a cross between
a high sucrose producing cultivar, (denotes
Australian plant breeding rights), and a Saccharum of-
ficinarum clone, IJ76-514 were grown in two field
experiments in different years, and evaluated in the early
and mid-season phases of crop maturity, to identify
robust QTLs in affecting sucrose content in cane.
Using an extensive genetic map constructed for
with over 1,000 AFLP and SSR markers, a total of 37
QTLs were identified for brix and pol of which, 16 were
detected in both experiments. Of these 37 QTL, 30 were
clustered into 12 genomic regions in six of the eight
homo(eo)logous groups. Each QTL explained from 3 to
9% of the phenotypic variation observed. Both positive
and negative effects were identified and the location of
the QTLs on linkage groups belonging to the same
homo(eo)logy group suggested that a number of the
QTLs were allelic forms of the same genes. Of the 37
QTLs identified, the majority were significant in both
early and mature cane, but 8 were identified as early
specific QTLs and 9 as mature cane QTLs. In total, 97
interactions were significant (P<10�5) and these were
localised to 32 genomic regions of which 6 were detected
with both years’ data. Models including all the
QTLs explained from 37 to 66% of the total phenotypic

variation, depending on the trait. The results will be
subsequently applied in marker assisted breeding.

Introduction

Sugarcane cultivars are polyploids, aneuploids and
outbreeding. An individual cultivar is highly heterozy-
gous and clonally propagated. Modern cultivars are
derivatives from the high sucrose containing Saccharum
officinarum (2n=80) and the hardier but low sugar con-
tent wild species Saccharum spontaneum (2n=40–128).
These cultivars and parents in commercial breeding
programs trace back to a relatively small number of key
ancestors used in the first interspecific hybridisations in
the early 1900s (Roach 1984). The initial interspecific
hybrids were subjected to a series of backcrosses to
S. officinarum or to other hybrids to recover the high sugar
producing type. This process of introgression is known as
nobilization and provided a major breakthrough in sug-
arcane breeding, improving yields, ratooning ability and
increasing adaptability to stress, compared with prior
sugarcane breeding based on the use of only S. officinarum
(Roach 1989). The result of this breeding history is that
modern sugarcane cultivars generally contain between 100
and 120 chromosomes, ofwhich 15 to 25%are contributed
by S. spontaneum (D’Hont et al. 1996).

A major objective of sugarcane variety improvement
programs is obtaining higher sugar yields. Sugar yield is
the product of cane yield and sugar content in the har-
vested material. Improvement of sugar content in sug-
arcane is highly attractive from a commercial
perspective since it increases revenue from increased
sugar production without increased harvesting, cane
transport and milling costs that are associated with
higher cane yields. A high priority is therefore placed on
improving sugar content in sugarcane breeding pro-
grams. However despite this, and the high heritability of
sugar content, there has been limited progress in
improving sugar content in sugarcane breeding pro-
grams over the last 40 years (Jackson 2005).

denotes variety covered by Australian plant breeding rights.
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A number of sugarcane molecular marker maps have
been developed (Ming et al. 1998, 2002a; Hoarau et al.
2001; Aitken et al. 2005) but even the most complete of
these is estimated to still only cover about 60% of the
genome. These maps have been used for preliminary
quantitative trait loci (QTL) analysis for a number of
traits related to sucrose content (Ming et al. 2001,
2002b; Hoarau et al. 2002) and found many QTLs of
small effect contributing to sugar content. The QTL
analysis undertaken by Hoarau et al. (2002) used a
population derived from selfing of the French sugarcane
variety, R570. By contrast, Ming et al. (2001, 2002b)
reportedly used populations from crosses between S.
officinarum and S. spontaneum, although the chromo-
some counts (>80) in the ‘‘S. officinarum’’ parents
would suggest they could be interspecific hybrids.

Effects of genes controlling physiological processes,
such as sucrose accumulation, are expected to be highly
context dependent, interacting with the background
genotype and physiology (Peccoud et al. 2004). There-
fore QTL studies are arguably best done directly within
the genetic population(s) in which subsequent marker
assisted breeding is planned (Podlich et al. 2004). Past
reports on QTL analysis of sucrose content in sugarcane
have used clones derived from a S. spontaneum parent
(Ming et al. 2001, 2002b) or arising from self pollination
of a parent (Hoarau et al. 2002). While such studies
provide useful information they do differ to those nor-
mally used to generate cultivars in commercial breeding
programs. In this study we used a population derived
from an elite commercial parent and a S. officinarum
clone. The performance of the progeny (sugar content
and cane yield) were similar to those generated in
commercial breeding programs. In this report, we focus
on characterising the distribution of QTL controlling
sucrose accumulation in the elite parent genome.

The level of sucrose accumulation at the start of the
harvesting season (normally at some time in autumn or
early winter in most industries) is relatively low in most
sugar industries. There would be large commercial
benefits in cultivars with higher sucrose when harvesting
currently begins or before. This could improve industry
profitability early in the harvesting season, and could
facilitate longer harvesting seasons, and improved use of
industry harvesting and milling capital, in future. Cox
et al. (1990) found that in their experiment on a range of
commercial and experimental clones, there was greater
genetic variation for sucrose content in early months
compared to late months. On the other hand, several
studies have shown high genetic correlations among
unselected sugarcane clones between sugar content very
early in the season with mid seasonal measurements
(Jackson and Morgan 2003), suggesting common genes
controlling sucrose content across contrasting times.

We report the identification of QTLs for sugar related
traits measured over two independent field trials in early
and mid season. The purpose was to determine if
repeatable QTL controlling sucrose accumulation could
be detected between environments, and also if different

QTLs control the accumulation of sugar early compared
to later in the growing season. This work formed part of
a broader research objective to understand if and how
marker assisted breeding approaches can be applied
within a sugarcane-breeding program.

Materials and methods

Mapping population

The S. officinarum clone IJ76-514 (2n=80) was used as
the female in a cross, made in 1999, with (2n�115),
an Australian cultivar and elite parent. Two hundred
and thirty progeny clones were evaluated in two field
trials. Both trials were of a randomised complete block
design with four replicates of single row 4 m plots at the
Kalamia estate, Ayr, (147.4�E–19.5�S) Queensland. The
trials were planted in September 2000 and August 2001.

Phenotyping

Brix, pol and commercial cane sugar (CCS) were mea-
sured on the extracted juice from four random stalks
taken from each plot and crushed through a small mill
using standard procedures (BSES 1984). Brix is an
estimate of total dissolved solids in juice, while pol is
commonly used in sugar industries as an estimate of
sucrose content. In the Australian sugar industry CCS is
an estimate of commercially extractable sucrose and is
determined from a standard function of brix, pol and
fibre (BSES 1984). Given the high costs of measuring
fibre and relatively small effect of genetic variation in
fibre affecting CCS relative to pol and brix, a constant
fibre level of 13% was assumed following procedures
routinely used in Australian sugarcane breeding pro-
grams. All measurements on juice from four stalks were
made during April and August in 2001 and April and
July in 2002 on plant cane from the separate field trials.

Genotyping and data analysis

Generation of the marker data and construction of the
genetic map of were reported by Aitken et al.
(2005). AFLPs and SSRs were used to generate 2,238
polymorphic markers that were scored for this popula-
tion. Of these, 1,365 were present in and were used
to generate the map reported by Aitken et al. (2005).
AFLP markers were identified by the primer combina-
tion consisting of the three selective nucleotides in the
EcoRI primer followed by the three selective nucleotides
in the MseI primer followed by numbers of polymorphic
bands in descending molecular-weight order. SSR
markers were labelled m then the name and identity
number from the Sugarcane Microsatellite Consortium
collection and a letter denoting the allele by descending
molecular weight. A total of 951 single dose (present
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only once in the genome and segregating 1:1) and 123
double dose markers (present twice in one parental
genome) formed 136 linkage groups (LG) of which 127
LG could be assigned into 8 homo(eo)logy groups (HG).
This number of HGs is equivalent to the basic chro-
mosome number of S. spontaneum (D’Hont et al. 1996).
In two HGs two sets of small LGs aligned to single
larger LGs forming in total the ten basic chromosomes
of S. officinarum (Aitken et al. 2005).

Phenotypic data (CCS, brix, pol) from each experi-
ment were analysed using the SAS statistical package
(SAS Institute Inc., NC, USA). For analyses of variance,
the following model was assumed:

yij ¼ lþ bj þ gi þ eij;

where l, bj, gi and eij are the grand mean, block effect,
genotype effect and error effect, respectively. Genotypes
were considered to be random effects, generating vari-
ance component rg

2.
Analyses of covariance were done for selected pairs of

traits. This was done in the same manner as the analyses
of variance except that sums of cross products and mean
cross products were determined, with appropriate
covariance components and mean cross products
substituted for variance components and mean squares.

Broad sense heritabilities (h2) for each trait were
determined from (Falconer and Mackay 1996):

h2 ¼
r2
g

r2
p

;

where rg
2 = genetic variance and rp

2 = phenotypic
variance. Phenotypic variance was determined from:

r2
p ¼ r2

g þ
r2
e

r
;

where re
2 = error variance and r = number of repli-

cates.
Genetic correlations between characters X and Y, i.e.

rg(x,y) were determined from:

rg(x,y) ¼
covg(x,y)

rg(x) � rg(y)
;

where

covg (x,y) genetic component of covariance
between characters X and Y,

rg(x) and rg(y) genetic standard deviation for characters
X and Y, respectively.

Detection of putative QTL was carried out for each
marker using a one-way analysis of variance to identify
significant associations between the present or absence
of a marker and the trait. Both single dose and multi
dose (present as two or more copies per genome)
markers were used for this analysis. The threshold used
for detection of a QTL was calculated using 1,000
permutations (Churchill and Doerge 1994). The QTLs
detected are identified as suggestive and significant and

correspond to the genome-wide probabilities proposed
by Lander and Kruglyak (1995). Where suggestive
linkage corresponds to linkage that would occur one
time at random in a genome scan and significant linkage
where linkage would be expected to occur 0.05 times in a
genome scan (that is, with probability 5%). This allowed
the detection of putative QTL which in the continuation
of this study will be verified in further generations. As
sugarcane is a polyloid up to 12 alleles could be segre-
gating at a locus which means that only the most sig-
nificantly different alleles are likely to be detected
although other alleles at that locus may contribute to the
trait. To test for association at alleles of a QTL a second
round of analysis was carried out with a modified
threshold corresponding to P=0.01. The QTL effect was
estimated as the average difference in phenotype of the
individuals carrying the marker compared to those
without. To identify epistatic interactions, every single
dose marker was tested for digenic linear · linear
interactions. Due to the relatively small sample size,
estimations of the four class means are poor so a strin-
gent threshold of P< 0.00001 was used to identify an
interaction. The phenotypic variance explained by all the
QTL was determined by multiple regression.

Results

Analysis of phenotypic data

For all traits, (brix, pol and CCS), the clone effect was
highly significant (P<0.0001) in both field trials. Broad-
sense heritabilities were generally higher in the 2002 field
trial probably due to a more even establishment
(Table 1). However, in both years the heritabilities were
high indicating good control of within-trial environ-
mental variation and experimental error. Estimated
genetic correlations were high (>0.7) between brix, pol
and CCS for all sampling occasions (Table 2). There
were also high genetic correlations estimated between
pol (Table 2) and other traits (not shown) for each time
of measurement in both experiments. QTL identified for
CCS added no new information and therefore the results
for CCS are not reported further in this study.
Frequency histograms of trait performance across
progeny showed approximately normal distributions
across both years (Fig. 1). There was a shift to higher
values from the samplings early in the year in 2002
compared with 2001 reflecting better environmental
conditions for sucrose accumulation in 2002.

Quantitative trait loci identified for using single
dose markers

In the initial analysis, measurements from early and
mid-season sampling were averaged across years. This
was to increase the chance of detecting robust QTL that
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were less experiment specific. No QTL were identified as
significant but at the suggestive level, for combined early
data, five QTLs were identified that affected pol, and six
that affected brix (Table 3). These represented eight
different QTLs, which were located in HG 1, 2 and 3 and
explained from 3 to 5% of the phenotypic variation.
Three of these QTLs were detected using both traits; two
were unique to pol and three to brix (Table 3). These
QTLs were represented by from one to two markers at
this significance level. When the threshold level was de-
creased to P<0.01, 11 and 14 putative QTLs were
identified for pol and brix respectively (Table 3). These
were represented by 14 different QTLs, eleven of which
affected both traits and three unique to brix. Again they
explained from 3 to 5% of the variation and were rep-
resented by from one to five markers. These were located
on 14 LG, which belonged to HG 1–6 (Table 3). LG 4
from HG 3 contained two QTLs, which were located at
different ends of the LG with opposite effects on the
traits. The rest of the LGs contained only one QTL al-
though the chance of more than one QTL located on the
same linkage group cannot be ruled out. The reduction
in stringency from suggestive to P £ 0.01 added a fur-
ther six putative QTLs but also increased the likelihood
of the different traits detecting the same QTLs.

Analysis of the mid-season measurements identified
no QTL as significant but at the suggestive level seven
and eight QTLs for pol and brix were identified. These

were represented by from one to five markers located on
eight different LGs in HGs 1–5 (Table 3). Seven of these
QTLs affected both traits, with one unique to brix, and
explained from 4 to 7% of the phenotypic variation.
Reducing the stringency to P £ 0.01 identified a further
eight putative QTLs using the combined mid season
data. In total, for the mid season data, 16 QTLs were
located on 16 LGs in HGs 1–5. Thirteen of these QTLs
were identified by both traits. For both the early and
mid season data, 23 QTLs were identified which mapped
to 22 LGs, which were located in HGs 1–6. Seven of
these QTLs were detected with both early and mid
season data, seven were unique to early season mea-
surements and nine unique to mid season measurements
(Table 3).

To examine the repeatability of the results between
the two trials, the data was reanalysed for separate
years. Only one QTL was identified at the significant
level on HG1 which explained a maximum of 9% of the
phenotypic variation and was only identified in 1 year.
A total of 104 markers were identified at the suggestive
level for the eight traits. These were located to 24 QTLs
with from 1 to 5 markers at each location, each of which
explained from 4 to 9% of the variation (Table 3). Only
three QTLs located on HG 2 LG 6, HG 2 LG100 and
HG 3 LG18 were significant in both years at this strin-
gency. When the stringency was reduced to P £ 0.01 a
further four QTL were identified (Table 3). At this
stringency 14 (50%) of the QTLs were detected in both
years’ data with at least one of the traits. If the level was
dropped to P £ 0.05 then 23 (82%) were detected in
both years’ data with at least one trait. Both positive and
negative effects were identified for QTL and in all cases
these effects were consistent across traits and years.
Using the individual year data at the suggestive level the
number of QTLs detected varied from 3 to 9 for each
trait and each explained from 3 to 9% of the variation
(Table 3). The majority of the QTLs had been previ-
ously detected with the combined data; only five QTLs
were unique to this data set. Reducing the stringency to
P £ 0.01 resulted in from 8 to 15 QTL detected by the
traits; only 3 of these additional QTLs were not detected
at the suggestive level with at least one trait. In one case,
two QTLs of opposite effect were located on the same

Table 1 Mean, error variance,
and broad sense heritability of
each trait in each of the 2000
and 2001 planted experiments

Trait Time of
sampling

Experiment Mean Error
variance

Broad-sense
heritability

Brix (%) Early 2000 11.6 0.87 0.76
2001 14.1 0.47 0.84

Mid-season 2000 18.7 1.40 0.59
2001 18.5 0.39 0.88

Pol reading Early 2000 30.0 20.3 0.93
2001 39.5 14.2 0.82

Mid-season 2000 67.7 40.6 0.59
2001 65.1 12.7 0.90

CCS (%) Early 2000 1.67 0.85 0.74
2001 4.04 0.71 0.81

Mid-season 2000 12.6 1.21 0.63
2001 9.61 0.59 0.90

Table 2 Estimates of genetic correlations from analyses of covari-
ance for measurements of (1) brix versus CCS, (2) pol versus CCS
and (3) pol versus brix; each for the four experiment · sampling
time combinations

Experiment Time of
sampling

Brix
versus
CCS

Pol
versus
CCS

Brix
versus
pol

Pol early
versus
pol mid

2000 Early 0.71 1.00 0.97 0.84
Mid 0.95 0.96 0.99

2001 Early 0.90 0.99 0.93 1.00
Mid 0.94 0.99 0.97

Also shown are estimates of genetic correlations for pol measured
between early and mid sampling times for the 2000 and 2001
experiments
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LG, HG 3 LG 4, which were detected with both the
combined and individual years’ data. Of the 28 QTL
that were detected using single dose markers with all the
traits, 17 were detected with both the early and mid
season data; six with only early data and five with only
the mid season data.

Multi dose markers

The 239-multi dose markers were tested for association
with the traits by ANOVA as for the single dose
markers. For all the traits a total of nine markers were
significant at the suggestive level of which eight were
detected by both traits (Tables 3, 4). Four of these
markers were consistent across years at P £ 0.01 with at
least one trait, four were detected by both early and mid
season data, three by mid season data only and two by
early season data only. Seven of these markers fitted the
expected ratios for double dose markers while the other
two were higher dosage. Two of these markers could be
placed on the map, and both mapped to HG4. Aggcta43
is linked to LG56 with an existing QTL and another LG
not containing a QTL (HG4 LG12b). The other double
dose marker mSSCIR14b was linked to LG102 only
(Aitken et al. 2005).

Digenic interactions

For the combined data, nine digenic interactions were
detected at P £ 0.00001 and eight affected more than
one trait. From 1 to 4 independent interactions were
detected for a given trait (Table 4). A significant QTL
was detected at or near 10 of the 18 markers involved in
the interactions. The interactions detected were always
between at least one marker located near or at a QTL; in
one case the interaction was between two QTLs. The r2

of interactions individually ranged from between 11 and
13% and when combined from 24 to 36% (data not
shown and Table 4). The HG could be assigned for all
markers involved in the interactions apart from one.
Interactions were detected both within and between
HGs. HG2 interacted with HG3 and HG4 and an
unassigned LG as well as within HG2. HG3 interacted
with LGs within HG3 and the unassigned LG and HG1
interacted with HG3. In both cases of interactions
within HG they could be between alleles of the same loci
but the rest of the interactions are evidence of epistasis
between alleles belonging to different loci.

When the individual year’s data was analysed, a total
of 97 interactions were significant at P £ 0.00001. Out of
the 194 markers involved in these interactions, 4 were
unlinked markers, 49 were markers not linked to QTL
and 141 were linked to QTL. None of the interactions
were detected in both years at a threshold of P £ 0.00001
level but all the interactions affected more than one trait.
The majority of interactions were detected in 2001 with
only 12 interactions at this significance level detected inT
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2002. The individual interactions explained from 11 to
15% of the variation (data not shown and Table 4). The
markers involved in the interactions were located on five
LGs in HG1, eleven in HG2 and HG3, six in HG4, two
in HG5 and one in HG6. In total, 43% of the interac-
tions were represented by more than one marker, and
regions located on HG1 LG50, HG2 LG12b, HG3
LG51 and HG3 LG74 had four markers involved in the
interaction while HG6 LG71 had five markers and HG4
LG3 six markers. The majority of interactions were
between two markers only but six regions interacted
with three or more other LGs; all of these apart from
one are located at a QTL. One region on HG1 LG42
interacted with ten other regions, HG2 LG53 with five
other regions, HG1 LG81 with four other regions, and
HG3 LG4, LG51 and LG74 with three other regions.
Out of the 32 location-by-location interactions, which
represent all the interactions, only five were between two
LGs in the same HG. Although the same markers were
not repeatable between the 2 years, six out of the 32
regions were involved in interactions in both years.

Location of QTLs within homo(eo)logous groups

Of the 136 linkage groups generated in the map
(Aitken et al. 2005), 127 were placed into the 8 HGs that
represent the basic chromosome number of S. sponta-
neum. All of the single dose QTLs could be assigned to a
map location (Table 3). There were five QTLs located
on HG1. Three of these were in similar positions on
LG17, LG81 and LG50 and could correspond to dif-
ferent alleles of the same homo(eo)logous loci (Table 3).
The other two QTLs from HG1 were also in similar
positions on LG42 and LG19 (Table 3). The most sig-
nificant marker was the SSR mSSCIR8 suggesting that
these are alleles of the same homo(eo)logous loci. Nine
QTLs were located to HG2. The QTLs on LGs 35, 8 and
6 all have QTL either at or adjacent to the SSR
mSMC1825LA and are probably alleles of the same
homo(eo)logous loci. A Further three QTLs on LGs 53,
38 and 13 are again in similar positions and a third
group of QTL on LGs 100, 87 and 12b, with LG 87 and
12b in repulsion correspond to two more homo(eo)lo-
gous loci (Table 3). HG 3 contains 6 QTLs, two of
which are on LG4. Interestingly this HG group has a
longer S. spontaneum-like chromosome, which appears
to be in alignment with two sets of smaller S. officinarum
chromosomes (Aitken et al. 2005). One QTL on LG4 is
in a similar position to the QTL on LG18 and is prob-
ably an allele of the same homo(eo)logous loci. Inter-
estingly there were indications of other QTLs in this
region on other LGs but they did not reach the signifi-
cance thresholds used. The rest of the QTL are located
on the other set of S. officinarum chromosomes. The
other QTL on LG4 aligns with LG113, while the QTLs
on LG 51 and LG 21 also align. Thus potentially, there
are three loci on HG 3 that influence sucrose accumu-
lation in (Table 3). Four QTLs were identified for

HG 4. This was another HG that contains S. spontane-
um chromosomes, which align with two sets of S. offi-
cinarum chromosomes. The QTL on LG 3 aligns to the
QTL on LG 44, again there were indications of other
putative QTLs on other LGs in this region although they
did not meet the threshold and were not defined as QTL.
The QTL on LG 56 is in the other set of S. officinarum
chromosomes and aligns to the double dose marker
mSSCIR14b, which was located to LG 102. The other
multi dose marker that could be located on the map
(Aggcta43) aligns to LG56 and is already represented by
this QTL and LG 12b, which does not have a QTL, so
there appears to be at least two homo(eo)logous loci on
HG 4. Two QTLs were identified for HG 5 and are
probably alleles of the same homo(eo)logous loci as the
most significant marker in both case was mSSCIR34.
Two QTLs were detected on HG 6, one on LG 71 and the
unlinked SSR mSSCIR64. These are probably alleles of
the same homo(eo)logous loci as LG 71 is in repulsion to
LG 62, which contains other alleles of mSSCIR64. The
fewer QTL detected on HG5 and 6 could be due to lower
genome coverage as these groups are sparsely covered
with markers. In total, there appears to be a minimum of
12 loci that effect sucrose accumulation in .

Multiple regression analysis

Using multiple regression on all traits, the single dose
QTLs explained from 13% (three QTL) to 31% (nine
QTL) of the variation (Table 4). If the stringency was
dropped to include all significant alleles at a QTL
(P £ 0.01) then 8–15 QTL explained 24–42% of the
variation. The addition of the multi dose markers re-
sulted in a slight increase of the variation explained but
less than 10% up to a maximum of 51% (Table 4). The
amount of variation explained by the interactions varied
from 11% (df=206) to 56% (df=199) and was pro-
portional to the number of interactions included in the
model for that trait. In three out of the 12 traits, the
amount of variation explained by the interactions ex-
ceeded the amount explained by the single dose QTL
(Table 4). The proportion of total genetic variance ex-
plained by all the effects in a single model ranged from
37 to 66%. In most cases, these estimates were based on
over half the population but in two cases they were be-
low 100. The markers accounted for similar amounts of
phenotypic variation in 2001 and 2002 and also in the
early verus the mid season data.

Allele contributions

In total for both single and multi dose markers, 37 QTLs
were identified for the two sucrose related traits studied.
Out of these, 22 QTLs had a positive effect on the traits
and 14 had a negative effect. The brix combined mid
season data was examined to determine the relationship
between the phenotype and the number of QTLs with
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positive and negative allele effects. The individual plants
were grouped on the basis of brix content and the
average number of positive and negative QTLs deter-
mined within each group (Fig. 2). The number of neg-
ative QTLs decreased as the brix increased and the
converse was true of positive QTLs (Fig. 2). For the
group with on average the highest brix value, the plants
had 16 positive QTLs and 4 negative QTLs.

Discussion

Brix and pol are known by sugarcane breeders to be
moderately to highly heritable traits and this is further
illustrated in this study where heritability ranged from
0.59 to 0.93 (Table 1). Despite this, and intensive selec-
tion for high sucrose, sugarcane breeders have made
limited improvement in increased sucrose for parents or
sugarcane cultivars for the last 40 years (Rattey et al.
2004; Jackson 2005). is considered by sugarcane
breeders to represent a typical elite parent in Australian
breeding programs, sharing common ancestors with
other elite parents widely used. The absence of segre-
gating large QTL effects for brix or pol in an elite parent
is not surprising, since alleles with large positive or
negative additive effects, if present at all in ancestral
clones, should have been readily accumulated to a higher
dosage level (if positive effect), or eliminated from prior
breeding within several breeding generations (if nega-
tive) for a highly heritable trait like brix and pol.
However, if a number of segregating QTLs with small or
moderate additive effects still remain in elite parents, as
suggested by the results of this study, then breeding and
selection should still result in incremental genetic gains,
until the more favourable alleles at each locus are fixed.
Therefore, assuming the results observed for are
similar to that of other elite parents in our breeding
programs, it is unclear why clear genetic improvement in
brix or pol of cultivars has not been readily achieved
over recent decades. However, some potential reasons
may include: (1) epistasis effects where QTL with ob-
served positive effects across a whole population have
much smaller effects within high sucrose genotypes due
to other overriding genetic-physiological limits at higher
levels of sucrose accumulation, (2) that insufficient

selection pressure has been applied for brix and pol in
breeding programs in comparison with other traits
(Jackson 2005), or (3) that some favourable QTL for
brix and pol have unfavourable pleiotropic effects on
other important traits under selection (e.g. cane yield).
Further research is required to assess if these explana-
tions, or others, lie behind limited breeding progress for
CCS.

In this study we chose to identify QTL using a
threshold derived from permutation testing and then
reduce these thresholds to identify further alleles of the
QTL which would be present in this polyploid (Lander
and Kruglyak (1995). It is interesting to note that after
lowering the stringency to P £ 0.01 the majority of QTL
detected at the lower stringency had already been de-
tected with another trait at the higher threshold level.
We detected a total of 29 QTLs with the combined data,
the majority of which were detected with more than one
trait. The number of QTLs detected increased to 37
when the individual year’s data were analysed. Each
QTL only explained a small amount of variation from 3
to 9%, which is in the same range as observed in another
sugarcane cultivar, R570 (Hoarau et al. 2002). The low
r2 is likely to be a product of the high ploidy coupled
with high heterozygosity, which results in many alleles at
homologous loci. In contrast to a diploid plant where
the comparison is between two alleles per locus, in
sugarcane there could be up to 12 or more segregating
factors per locus. Another study on crosses between S.
spontaneum · hybrid clones (derived from S. officina-
rum · S. spontaneum) detected some larger effects
probably due to the use of the wild relative with very low
sucrose content (S. spontaneum) but most were within
the same range (Ming et al. 2001, 2002b).

The fairly high map coverage of allowed the
QTL to be aligned into HG. All of the single dose
markers and the double dose markers that could be as-
signed a map position were aligned into 12 QTL posi-
tions across 6 HG (Table 3) In all cases an allele of the
loci assigned as Q1–Q12 (Table 3) was detected at the
significant or suggestive level indicating that a gene or
genes at this location has an effect on sucrose accumu-
lation. Ming et al. (2002b) mapped 50 QTLs affecting
sugar yield to 12 genomic regions in sugarcane. Using
the SSRs mapped in both Rossi et al. (2003) and Aitken
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et al. (2005), some of the QTL positions in and
R570 could be aligned. Out of the nine QTL identified
for brix at P £ 0.005 in Hoarau et al. (2002) four could
be assigned to a homology group. Of these, one QTL
mapped to CGII close to mSSCIR36, which maps to our
HG1 where a QTL for brix was identified at the sug-
gestive level (Q1). The others map to HGs where there
are not enough markers in common to compare the
locations.

A total of 37 QTLs were identified when the data was
analysed by year. At P £ 0.01, 18 (49%) of the QTL were
identified in both years with at least one of the traits. If
the significance level was dropped to P £ 0.05 then 29
(78%) of the QTL were detected in both years with at
least one of the traits. Whatever the significance level, the
effect was always in the same direction for all of the QTL
identified in both years. This consistency of QTL detec-
tion between years is similar to that seen in an equivalent
study (Hoarau et al. 2002). In both studies, interactions
were detected and contributed to a significant amount of
the variation explained in the final model. In both cases,
most of the interactions were not consistent between
years although the direction of the effect was always
consistent. Six of the 32 regions involved in interactions
in were detected in both years. It is interesting to
note that of the 194 markers involved in the interactions,
73% were linked to QTL. This was not the case in the
previous sugarcane study where only 6 of the 82 markers
involved in the interactions were associated with a QTL
(Hoarau et al. 2002). Studies on other crops have iden-
tified both QTL involved with interactions and interac-
tions not involving QTL (Kulwal et al. 2004; Li et al.
1998). Liao et al. (2001) demonstrated that in rice epis-
tasis is more sensitive to genetic background and envi-
ronments than main effect QTLs. The interactions in this
study have to be taken cautiously due to the unbalanced
size of the genotypic classes compared to the single
marker QTL detection. The addition of these interac-
tions into the multiple regression models increased the
variance explained by a substantial amount. Further
work is needed with larger populations to determine the
exact significance of these interactions.

Early and mid season QTL

Seven QTLs (19%) were consistently detected with only
the early season data and 8 (22%) with only the mid
season data. The majority of the QTLs (59%) had an
effect at both early and mid season sampling, which
explains the relatively high correlations between these
sampling dates (Table 2). Out of the seven QTLs iden-
tified for early season brix and pol, four had a negative
effect on sucrose and three a positive effect. Selection for
the positive QTLs and away from the negative QTLs
should result in high early brix and pol, which results in
higher mature cane sucrose (Jackson and Morgan 2003).
An increase in early season brix and pol would be of
major economic benefit to the sugar industry (Cox et al.

1994). Out of all the QTLs detected, 22 had positive
effects on the traits. For brix combined mid season data,
the progeny with the highest brix contained on average
16 positive effect QTLs but four negative effect QTLs
(Fig. 2). In the population studied, no progeny existed
which contained all 22 positive alleles. However, marker
assisted breeding strategies should offer breeders better
ways of selecting parental clones with higher breeding
values, and such strategies will be tested in future
experiments, in progress.
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