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1.0  Summary 
 
The CRC SIIB marker application research aims to develop and evaluate ways to 
apply DNA markers to Australian sugarcane breeding programs to improve breeding, 
selection and fast release of high performing cultivars.  This research was designed as 
a 7-year plan, taking account of the length of time to develop relevant sugarcane 
genetic populations, to evaluate these in field trials for QTL mapping, and to test 
marker assisted selection through realised genetic gains measured in further field 
trials.  Project 1cii (2003-2006) comprised the first phase. Research done in 1cii is 
being advanced further in the CRC SIIB, under project 1c7.  Key results and interim 
progress to date toward the end objectives are reported here.   
 
Project 1cii incorporated activity already underway at the commencement of the CRC 
in the area of introgression breeding, and added new activities in the areas of 
association mapping, and improvement of elite populations.   Results are presented 
under these three areas separately.  However, data from all three components will also 
ultimately be combined to develop consensus linkage and QTL maps of ancestral 
chromosomes, and interpreted collectively for developing future practical 
applications.   
 
In the association mapping component of the project a “pilot study” was first 
conducted on a set of (154) clones representing cultivars, parents and advanced stage 
selections in Australian breeding programs.  Marker data (approx. 1700 markers) was 
collected and disease resistance ratings obtained from the BSES breeding program 
database.  Marker-trait associations were readily found, which did not appear to be 
due simply to variable contributions from key ancestors (ie. population structure 
effects).  The results for smut disease were the most encouraging, and further 
association mapping research was planned.  In a second study, 480 clones were 
chosen, about half of which already had data on smut resistance, and the other half 
selected as a family design, ultimately allowing more powerful data analysis.  This 
population was established in three field trials in 2006 (Burdekin and Herbert regions) 
and will be measured for cane yield and CCS in 2007.  Approximately 2600 AFLP 
markers were screened across all clones by July 2006, together with 22 markers 
identified as being significantly associated with smut resistance in the pilot study.  Of 
the 22 markers, seven were found to be significantly associated with smut resistance 
(P<0.10) in a multiple regression model in the independent data, and these 
collectively accounted for 19.9% of the phenotypic variation in smut resistance.  This 
result is interpreted as encouraging considering the relatively small scale of effort in 
the pilot study, and suggests association mapping approaches may be successful in 
sugarcane.  However, the results also highlight (as expected) that a high proportion of 
marker-trait associations are not repeatable, most likely due to type 1 statistical errors 
and variation in linkage disequilibrium between marker and QTL.  Although data in 
the second study are still being analysed, analyses done to date show evidence for 
marker-smut resistance associations: a larger number of markers are showing 
significance at different threshold values (P<0.05, 0.01, 0.001) than expected by the 
type 1 error rate.   
 
Overall we interpret the results as indicating that it should be possible to find 
repeatable markers for smut resistance which could be cost-effectively implemented 
in practice in breeding programs.  However this will be a challenging activity without 



 4

guarantee of success.  Approaches suggested for doing this, and rationale are 
described in section 10.  Given the urgency in the Australian sugar industry to move 
clonal populations at all stages of selection within breeding programs toward 
resistance in the next few years, it is recommended that consideration be given to 
accelerating this component of work, with a view toward possible implementation in 
core breeding programs (if the activity is successful), by mid 2007.  
 
In the elite cross component of this project, the strategy is to firstly undertake QTL 
mapping in specific, elite, biparental families (ie. crosses previously generated elite 
progeny in core breeding programs).  Mapping in specific populations offers potential 
advantages over association mapping approaches.  Following this, progeny derived 
from selfing of the male parent may be selected based on favourable allelic (marker) 
and phenotypic data.  The “better” males would then be used to re-generate the 
original population.  Two populations (Q3: Q117 x MQ77-340 and Q4: ROC1 x 
Q142) were targeted as case studies to evaluate these approaches. Although activity in 
Q3 was the most advanced, with the outbreak of smut in Queensland it was decided 
(in July 2006) to abandon this population because most progeny are likely to be smut 
susceptible and unlikely to have future commercial potential.  The Q4 population was 
evaluated in the field in 2006, and marker characterisation is underway.  Selfs derived 
from Q142 have also been evaluated, and a subset of these will be selected for use in 
developing (hopefully elite) populations in 2007 for subsequent evaluation and 
potential cultivar development.  A trial established in 2005 to evaluate breeding value 
of selfs (derived from MQ77-340) gave encouraging results (ie. good performing 
progeny derived from selfs) providing interim support for the breeding strategy in this 
component. 
 
The introgression component of this project is proceeding through two concurrent 
streams.  This first is examining if and how markers can be used to identify 
favourable or unfavourable QTL from exotic germplasm sources and commercial 
recurrent parents, and used in regenerating elite backcross populations through marker 
assisted selection based on this QTL information.  The second stream involves 
examining genetic diversity within germplasm collections and generating a range of 
crosses and progeny derived from new germplasm not used before in Australian 
sugarcane breeding programs.   The genetic diversity results indicated that a high 
proportion of alleles from S. officinarum have already been incorporated within core 
breeding programs.  This contrasts with the situation for S. spontaneum and Erianthus 
spp.   A large number (>100) crosses were made with the latter two species, in 
collaboration with Chinese institutes.  These were successful in generating F1 and 
backcross progeny (confirmed by DNA markers), including the first report in the 
world to our knowledge verifying the introgression of Erianthus into sugarcane.  The 
germplasm generated in this activity has been introduced into Australia (through 
quarantine), underwent first phase of field evaluation in 2006, and being used in 
crossing with Australian parental material.  Early field trial results for the sugarcane x 
S. spontaneum hybrids are particularly encouraging, suggesting some of these are 
particularly vigorous with high biomass yields, consistent with past reputation of this 
class of material.    
 
Activity targeted at QTL mapping in the introgression breeding populations is still 
underway in laboratories at CSIRO and China.  To date this effort has generated the 
best genetic linkage map in sugarcane to date, and identified QTL for sugar content in 
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sugarcane.  Current data analysis is focusing on determining levels of repeatability in 
different genetic populations.  Most data from this activity (relating to S. spontaneum, 
Erianthus and S. officinarum derived populations) will be finalised and interpreted 
during 2007, with a recommendations on future directions on marker assisted 
introgression made by the end of 2007. 
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2.0  Background 
 
Use of DNA markers to assist in sugarcane breeding programs has a lot of appeal at a 
conceptual level.  Advantages with using markers may conceivably arise in two main 
ways.  First, DNA markers may be used to quickly and effectively select within 
progeny populations at any stage of selection for particular traits, or combinations of 
traits, which would otherwise be done only via relatively time consuming, expensive, 
and sometimes unreliable phenotype evaluation.  Second, by using DNA markers to 
identify the underlying favourable or unfavourable genome components contributing 
to the overall phenotype, breeders may be able to develop elite populations through 
pre-planned recombination of complementary alleles derived from different parents 
and germplasm sources, more effectively and in fewer breeding generations than 
relying only on the overall phenotype alone during selection.  
 
However, designing effective DNA marker enhanced breeding strategies that improve 
the outputs of effective conventional breeding strategies remain a challenge for most 
commercial breeding programs today.  Most important traits are genetically complex: 
the result of the joint small effects of many genes and the interactions among these, 
most of which are difficult to statistically detect with confidence.  Even when this can 
be done, it is often found that conventional breeding strategies relying on phenotype 
are relatively cost effective, and marker assisted selection remains a specialised tool, 
only used for enhancing conventional breeding efforts in very special situations.  An 
intimate knowledge of the breeding program for which marker assisted selection is 
targeted for, its specific objectives, methods, weaknesses, and germplasm base, is 
required to identify the few special ways that DNA markers may enhance the 
incumbent breeding program methodologies.  
 
With these issues in mind, three main research approaches were initiated and are 
being developed and tested concurrently in this project.  The end goal is to enhance 
rate of progress in Australian sugarcane breeding programs.  The background and 
technical rationale for these are explained below.  It should be noted that sugarcane 
population development and trait measurement (needed for QTL mapping) and 
selection cycles are notoriously time consuming.  Given this, a coordinated program 
of work for developing and evaluating DNA marker assisted selection in sugarcane 
breeding programs was designed across a six to seven year period corresponding to 
the cycle of the CRC SIIB.  Following the current project (1cii; 2003-2006), a follow 
on project (1c7) was developed and is a straightforward carry on of activity 
commenced in project 1cii.  An important review and stop-go point was/is planned 
around the end of 2007, when many key results would be analysed and interpreted, 
and this review has been included as a key milestone in project 1c7.   
 
This final report for project 1cii describes progress to date in the overall program of 
work against that originally set in the proposal, and in progress toward the end 
objectives of improving Australian sugarcane breeding programs through 
implementing marker assisted selection and breeding methods. 
 
(a)  Association and pedigree mapping. 
 
Successful application of this approach relies on some sections of genome derived 
from certain ancestral clones remaining “intact” on average among a genetic 
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population of interest.  This can arise when the set of genotypes of interest all trace 
back, over a small number of generations, to a relatively few key ancestors.  This 
situation leads to what is called “linkage disequilibrium”: ie. when averaged across 
the population there is linkage between DNA markers and nearby alleles responsible 
for affecting performance for traits of interest (the latter being termed QTL standing 
for quantitative trait loci).  This is likely to be the case in Australian sugarcane 
breeding populations (and sugarcane breeding programs in other countries for that 
matter), which trace back over a small number (maybe 4 to 8 in most cases) of 
generations to a relatively small number of key ancestors.  Association mapping has 
been successfully applied in some other species but has not been applied in sugarcane.  
However, recent research published just before this project commenced (Janoo et al, 
2001) helped confirm that linkage disequilibrium can be readily detected across many 
modern sugarcane cultivars, suggesting scope for use of this mapping approach.  
However, several potential complications and difficulties may also arise with 
application of this approach, and it is important that it be evaluated correctly and 
rigorously before application.  Once repeatable associations between markers and 
traits of interest are found, that information can be exploited across the population of 
clones represented in the QTL mapping research. 
 
(b)  Marker assisted breeding in elite populations. 
 
One way to overcome the complications and limitations of association mapping 
approaches, is to work on specific genetic populations in which significant 
improvement would be of high value.  Mapping in a specific population is perhaps the 
most widely used approach in QTL studies in plants today.  Its appeal is that it allows 
for markers linked to QTL within parents of that population to be revealed without 
complications of population structure or differing marker-QTL linkage phases, and is 
relatively simple compared with other approaches.  The activity proposed initially was 
to conduct QTL mapping in each parent in 2 elite populations.  This information will 
be used to select among recombinants of the male parent via selfing, followed by 
using the selected selfs for further crossing with the opposite parent in the cross used 
for QTL mapping, and with other parents.  If successful, elite cultivars should be 
produced from crosses between the improved (self) parent and the original parent, and 
possibly other parents.  The aim of the work proposed in this component was 
therefore two-fold: (i) to evaluate this breeding/selection methodology for producing 
cultivars routinely in the future, and (ii) produce elite cultivars for direct industry 
deployment.   
 
(c)  Introgression of genes from exotic germplasm 
 
Parent clones within sugarcane breeding programs in Australia (and elsewhere) trace 
back to a relatively small number of key ancestors.  This small sampling of genetic 
diversity in breeding programs, combined with an awareness by breeders of the 
presence of many desirable traits in exotic sugarcane related germplasm, means that 
sugarcane breeders have a strong interest in introgression of new sources of 
germplasm in their breeding programs.   
 
Application of DNA markers promise to greatly assist with use of exotic germplasm 
in sugarcane breeding by: (i) helping establish genetic relationships among clones in 
germplasm collections and comparing it with diversity already sampled in core 
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breeding program parents.  This information can be used to select a core sample of 
clones effectively capturing most unique genetic variation in the large collections, 
aiding subsequent utilisation of the collections for breeding purposes. (ii) identifying 
genetic components (QTL’s) of positive and negative value within selected 
germplasm clones using joint DNA marker and phenotypic characterisation of sample 
populations of derived progeny clones.  Marker assisted introgression would then be 
used to select progeny derived from crosses between exotic and commercial parents, 
aiming to retain markers linked to genes of positive effect while eliminating other 
exotic components.   
 
 
 
 
 

3.0  Objectives 
 
(i) To identify DNA based markers associated with traits of importance in sugarcane 
improvement.   
 
(ii) To develop and assess marker assisted selection and breeding approaches in 
breeding programs, and implement these approaches as appropriate into Australian 
breeding programs.   
 
It should be noted, as indicated in the background above, that the above broadly based 
objectives were those set and expected to be attained by 2009/10 (end of the current 
CRC term) in the area of application of DNA markers to sugarcane breeding 
programs.  This final report for CRC project 1cii provides a description of progress to 
date toward these objectives. 
 
 



 9

4.0  Methodology 
 
4.1  Association mapping component 
 
Two large sets of data were collected.  Details of methods used in the first set and the 
results are provided in Appendix 1.  In brief, 154 clones were characterised for 1599 
polymorphic AFLP markers and 181 polymorphic SSR markers.  These clones 
represented cultivars and key parents and ancestors within the Australian sugarcane 
breeding program.  The marker results were compared with disease resistance ratings 
in the BSES Ltd database for Fiji leaf gall, Leaf scald, Pachymetra root rot, and smut 
disease.   
 
For the second set of data, marker data was scored across an additional 480 clones, 
with this activity being completed in August, 2006.  Of these 480 clones, 269 clones 
(which were parents, advanced stage selections, and cultivars derived from Australian 
sugarcane breeding programs) had data already collected on smut resistance.  A 
subset of these clones also have data relating to the diseases Fiji leaf gall, Leaf scald, 
Pachymetra root rot.  The remaining (231) clones were selected from a special trial set 
up in the Burdekin region by Allan Rattey (formerly BSES breeder) for evaluating 
effectiveness of family and seedling selection.  This latter group of clones comprised 
30 families each with 6 to 8 clones, together with parents.  This family design allows 
for more powerful statistical analyses to be ultimately conducted, allowing 
unambiguous separation of population structure effects from confounding marker-trait 
associations. 
 
2537 AFLP markers were scored using methodology described in Appendix 2.  An 
additional 22 markers which were found to be significantly associated with smut 
resistance levels in the first association mapping study were also run across the 
additional 480 clones.  All marker data was compared with the disease rating data, 
using multiple regression analysis (for the 22 markers being repeated) and using t-
tests (for the 2537 markers).  More detailed and complex analyses taking account of 
population structure and other models is still in progress. 
 
The additional 480 clones were established in field trials in the Burdekin and Herbert 
regions in April to September in 2006.  These trials were laid out in randomised 
complete block designs with two replicates per clone, with plots 1 row x 10m.  At the 
time of writing, two trials were successfully established in the Burdekin region (at 
Kalamia mill estate and at BSES Experiment station, Brandon), and one trial in the 
Herbert region (Stone River).  An additional trial is planned to be established in the 
Herbert region (delayed to date due to wet weather).  These trials will be sampled and 
harvested in 2007. 
 
It is planned to also screen 2500-3000 DArT markers on the 480 clones in 2007.  
These data, together with the AFLP data collected already, will be combined with 
disease resistance data, and CCS and cane yield data (in 2007), with a view to 
implementing marker assisted selection for a combination of traits as appropriate in 
core breeding programs in future.    
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4.2  Elite cross component. 
 
Following the rationale and objectives described in the background section for this 
component, the following overall plan was made:  
 
Year Activity 
1 (2004) Make crosses and produce enough seedlings (200-300) for QTL 

mapping; make self crosses of male parent and grow seedlings 
2 Plant population of progeny from elite cross in replicated trial; 

similarly for selfs 
3 Evaluate progeny in plant crop, screen markers on progeny, do QTL 

mapping; measure performance of selfs 
4 Select selfs based on marker based selection and phenotype; make 

crosses involving selfs and original parent as a “control” 
5 Plant field trial with progeny from selfs and original parent 
6 Evaluate progeny and assess gain achieved; transfer elite progeny to 

core breeding programs for further assessment 
 
Two populations were planned to be used in the project, designated Q3 (Q117 x 
MQ77-340) and Q4 (ROC1 x Q142).  Both of these crosses were chosen because of 
their potential commercial value: elite clones had been identified from these in the 
final stage of selection in core breeding programs in the past.  Q3 was also chosen 
because progeny had been evaluated already and QTL mapping had been partly done 
through the PhD study of Nathalie Reffay.  Q4 was also chosen because (unlike the 
majority of clones used as parents) one of the parents (Q142) was resistant to smut 
disease and it was known that this trait would be important in the longer term in 
Australian sugarcane breeding programs.   
 
Selfs from MQ77-340 were produced in 2003/2004.  It was decided to determine as 
soon as possible if selfs generally are capable of producing good performing families, 
since the breeding strategy being pursued assumed this was the case and there was 
debate among breeders about whether this would be the case or not.  A range of 
crosses with selfs of MQ77-340 and another elite parent QS79-2094 were planted in 
replicated clonal trial in 2005, which was sampled in 2006.  This trial was planted to a 
randomised complete block design with 1 row x 6m plots and three replicates.  
Measurement of CCS and cane yield was done following procedures described in 
Aitken et al (2006). 
 
QTL mapping for Q3 and selection of MQ77-340 selfs based on marker data was 
planned to commence in 2006.  However, the outbreak of smut on the east coast of 
Australia in 2006 raised questions on whether resources should be expended further 
into this population.  Both parents of Q3 are susceptible to smut and it is expected 
most progeny will be susceptible based on past experience.  While continuing work 
on this population would achieve the research objectives, the chances of developing 
cultivars through this work adoptable by the Australian sugar industry even if the 
marker assisted breeding approach being used was highly successful would be close 
to zero.  Therefore it was decided in July 2006 to cease work on Q3, and to re-focus 
efforts on Q4 and other components of the marker project likely to be more 
productive from a commercial perspective.   
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However, sampling and measurement in trials involving the Q3 related trials planted 
in 2005 was still conducted in 2006, because for little marginal effort useful 
information could be obtained on the potential value of the breeding strategy based on 
use of selected selfs.  If performance of selfs as parents were found to be inferior, then 
this would cast doubt on whether the marker assisted breeding strategy being taken 
was likely to be successful or not.  On the other hand, if families of clones arising 
from selfing were as good as or better as the original parent, and if family 
performance could be predicted to some degree from the self phenotype, then this 
would support the underlying hypothesis that selected selfs could produce progeny 
superior than their parental clone.  
 
Following the scheme in the table above, the Q4 population (300 progeny) and selfs 
of Q142 were generated in 2003 and was evaluated in field trials in 2006, with marker 
characterisation underway but not yet completed.   
 
4.3  Introgression component 
 
All introgression breeding activity in this project was conducted as part of projects 
partly funded by SRDC, CTA047/”Introgression of high sucrose genes from S. 
officinarum” and ACIAR, CS1/2000/038 “Use and improvement of sugarcane 
germplasm”.  In the case of CTA047, the final year of that project was incorporated 
into CRC project 1cii.   Details of methodology used are given in those project 
proposals (available on request from P. Jackson) and in appendices 2, 3, 4 and in 
Aitken et al (2005, 2006).   
 
In summary, the following activities were carried out: 
(i) Genetic diversity studies on S. officinarum, S. spontaneum and Erianthus 
arundinaceus.  This was done to help rationalise future sampling of these collections 
in the longer term, and to establish what portion of available genetic diversity we have 
sampled to date in our core breeding programs and in initial introgression programs. 
(ii) Development of approximately 200 crosses and backcrosses derived from S. 
spontaneum and Erianthus spp., checking of these using DNA markers, progression 
of these through quarantine in Australia, and intitial evaluation of these in field trials 
in Australia. 
(iii) Undertaking QTL mapping in genetic populations derived from S. officinarum (3 
populations), S. spontaneum (2 populations) and Erianthus arundinaceus (2 
populations), to determine if and how marker assisted introgression breeding and 
selection could best occur in the future.  A key aim of this is to examine repeatability 
of marker-trait associations between generations. 
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5.0  Results and Discussion 

 
5.1  Association mapping results 
 
Pilot study. 
 
Results are presented in detail for the first (pilot) study in Appendix 1.   In brief, it 
was found that some markers appeared to account for significant proportions of 
variation in the disease resistance traits examined (Table 5.1), and multiple regression 
models could be developed that accounted for potentially practically useful levels of 
variation (Table 5.2).   Most of these markers explained significant levels of variation 
within groups formed using the program STRUCTURE (Table 5.1).  This suggests 
that the marker-trait associations could be due to physical linkage between marker and 
QTL. 
 
Table 5.1.  Average disease resistance ratings for Pachymetra, leaf scald and 
smut for clones with and without marker present for markers significant at 
P≤0.001 based on individual comparison-wise tests.  Number of clones in each 
category is given in parentheses. The probability of >F value from analysis of 
variance for (i) marker within groups effect and (ii) the marker x group 
interaction shown for each marker. 
  

Marker (marker 
name inQ65 map) 

Mean for 
clones 
with 

marker 

Mean for 
clones 
without 
marker 

Prob of >F 
for marker 

within 
groups 
effect 

Prob of >F 
for marker 

x group 
interaction 

AFLP     
Fiji leaf gall     
AAC-CTA41 5.05 (14) 2.80 (113) 0.046 0.19 
ACA-CTA55 1.72 (26) 3.39 (101) 0.561 0.91 
ACA-CTG33 2.00 (43) 3.56 (85) 0.123 0.72 
ACC-CAC78 4.70 (22) 2.69 (106) 0.072 0.47 
ACC-CTA23 (16) 3.72 (64) 2.34 (64) 0.035 0.14 
ACG-CTA27 3.51 (88) 2.00 (40) 0.066 0.72 
ACG-CTA28 4.63 (23) 2.68 (105) 0.001 0.23 
ACT-CAC35 4.30 (32) 2.61 (96) 0.235 0.65 
AGC-CTG54 (24) 1.56 (36) 3.61 (92) <.001 0.41 
Leaf scald     
ACC-CTC106 4.13 (13) 2.30 (111) 0.002 0.072 
ACC-CTC62 2.09 (80) 3.22 (44) <.001 0.023 
ACC-CTG11 1.72 (47) 2.96 (77) <.001 0.085 
AGC-CTA44a 1.68 (51) 3.06 (73) 0.002 0.706 
AGG-CTC25 1.79 (53) 3.02 (71) <.001 0.209 
Pachymetra  
root rot     
AAC-CTA24 6.34 (30) 4.54 (113) 0.011 0.062 
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AAC-CTA49 (23) 5.76 (51) 4.44 (92) 0.230 0.702 
AAC-CTA91 4.55 (103) 5.85 (40) 0.014 0.041 
AAC-CTC80 5.51 (69) 4.33 (75) 0.106 0.305 
ACA-CTA11 3.94 (40) 5.27 (103) 0.052 0.400 
ACC-CTA23 (16) 3.72 (64) 2.34 (64) 0.385 0.667 
ACC-CTA27 7.44 (9) 4.72 (135) 0.363 0.933 
ACC-CTC3 4.23 (65) 5.44 (79) 0.012 0.147 
ACG-CTC31 4.05 (68) 5.65 (76) 0.123 0.576 
ACG-CTG39 5.33 (94) 4.08 (50) 0.001 0.493 
ACG-CTG47a 
(16) 7.22 (9) 4.74 (135) 0.102 0.924 
AGC-CTC3b (8) 4.06 (51) 5.35 (93) 0.126 0.481 
Smut     
ACA-CTA41 (23) 6.36 (86) 4.72 (41) 0.081 0.243 
ACA-CTA77 (40) 6.50 (76) 4.84 (51) 0.121 0.439 
ACA-CTA91 3.63 (33) 6.61 (94) <.001 0.873 
ACA-CTG17a 4.80 (46) 6.41 (82) 0.006 0.038 
ACA-CTG59 4.53 (59) 6.95 (69) <.001 0.492 
ACC-CAC2 (9) 7.09 (57) 4.82 (71) <.001 0.536 
ACC-CAC46 3.77 (15) 6.11 (113) <.001 0.024 
ACC-CAC58 (31) 6.49 (75) 4.91 (53) 0.003 0.143 
ACC-CTC50 2.39 ( 6) 6.00 (122) <.001 0.938 
ACC-CTC68 (27) 3.20 (11) 6.08 (117) 0.005 0.049 
ACG-CAG4 6.70 (63) 5.00 (65) 0.163 0.63 
ACG-CTA10a 
(22) 6.33 (89) 4.71 (39) 0.049 0.066 
ACG-CTA34 (41) 6.61 (66) 5.01 (62) <.001 0.004 
ACG-CTG6 (24) 6.97 (70) 4.47 (58) <.001 0.843 
AGC-CTA30a 3.84 (23) 6.27 (105) <.001 0.261 
AGC-CTA30b 
(26) 6.52 (78) 4.77 (50) 0.065 0.233 
AGC-CTA32a 7.38 (28) 5.40 (100) 0.121 0.693 
AGC-CTA37 (28) 6.72 (61) 5.02 (67) 0.057 0.525 
AGG-CAC12b 
(12) 6.69 (57) 5.15 (71) 0.040 0.091 
AGG-CAC1 6.80 (49) 5.23 (79) 0.139 0.465 
AGG-CTC29 3.46 (16) 6.17 (112) 0.007 0.661 
AGG-CTC30 3.86 (23) 6.27 (105) <.001 0.001 
AGG-CTC35 4.23 (38) 6.51 (90) <.001 0.135 
SSR     
Pachymetra root 
rot     
ms39-1 3.99 (52) 5.41 (92) 0.017 0.040 
ms286-3 6.11 (32) 4.55 (112) 0.218 0.750 
ms1608-1 6.08 (31) 4.57 (113) 0.362 0.819 
Smut     
ms851-9 4.63 (45) 6.49 (83) 0.315 0.702 
ms286-4 7.69 (18) 5.53 (110) 0.416 0.947 
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Table 5.2  Results of multiple regression using AFLPs as predictors. 

With all 
markers Best subset Disease 
No % No % Markers 

Fiji leaf gall 4 31.9 4 31.9 AAC-CTA41,  ACC-CTA23,  ACG-CTA28,  AGC-CTG54 

Lead scald 5 26.2 4 25.8 ACC-CTC62,  AGC-CTA44a,  ACC-CTC106,  AGG-CTC25 

Pachymetra 
root rot 

4 31.9 4 31.9 AAC-CTA24,  AAC-CTA91,  ACC-CTC3,  ACG-CTG39 

Smut 23 62.9 11 59.0 ACA-CTA91,  ACA-CTG17a,  ACC-CAC2,  ACC-CAC58,  
ACC-CTC50,  ACC-CTC68,  ACG-CTA10a,  ACG-CTA34,  
ACG-CTG6,  AGC-CTA30a,  AGG-CTC29 

 

A key issue in association mapping studies is repeatability of effects and predictions 
in independent populations.  The twenty-two markers found to be associated with 
smut resistance (in Table 5.1) in the pilot study were re-run across the second set of 
(269) clones with smut resistance data, to seek evidence for repeatability.  The results 
were tested in a multiple regression model to determine the effectiveness of these 
markers for predicting smut resistance in an independent population (Table 5.3).  
Overall, the results are interpreted both as encouraging but as emphasising the major 
challenges and difficulties in finding markers that will be repeatable and practically 
useful in marker studies.   
 
Of the 22 markers re-tested in the second set of data, there was evidence (probability 
>90%) for eight remaining associated with smut resistance when tested on an 
individual marker basis (ACCCTC68, P=0.08; ACACTG59, P=0.05; AGGCTC29, 
P=0.02; AGGCTC35, P=0.0006; AGGCAC12b, P=0.0003; ACCCAC46, P=0.01; 
AGCCTA30, P=0.07; AGCCTA30b, P=0.01), while seven were incorporated into a 
multiple regression model (using stepwise selection) in the independent data, which 
collectively accounted for 17.6% of the variance (Table 5.3).  This proportion of 
variation increased slightly (to 19.9%) when foreign clones were deleted.  This result 
is clearly better than could be obtained from non selected markers (random sets of 22 
markers from the pilot or from the new set of markers average about 2% of variation 
accounted for), with on average only two markers (corresponding approximately to 
the expected type 1 error rate) reaching significance (P<0.10) when tested 
independently.  This clearly indicates that the initial round of marker selection 
resulted in a significant better “hit rate” than unselected markers.  
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Table 5.3.  Results from multiple regression model applying 22 markers identified in 
pilot study to smut resistance ratings (all different clones to pilot). 
 
                                 Summary of Stepwise Selection                                   
                                                                                                 
          Variable    Variable    Number    Partial     Model                                    
   Step   Entered     Removed     Vars In   R-Square   R-Square   F Value   Pr > F     
                                                                                                 
     1    aggcac12b                   1      0.0580     0.0580    13.60   0.0003     
     2    aggctc35                    2      0.0369     0.0949     8.97   0.0031     
     3    accctc68                    3      0.0211     0.1160     5.23   0.0231     
     4    aggctc29                    4      0.0175     0.1335     4.39   0.0373     
     5    aggcac46                    5      0.0184     0.1519     4.71   0.0311     
     6    acacta77                    6      0.0147     0.1666     3.82   0.0519     
     7    agccta30b                   7      0.0097     0.1763     2.53   0.1133     

                           
 
   

 
 
 
Despite this, the results also clearly illustrate that (as expected) a significant 
proportion (over half) of markers identified as being “significant” in marker studies 
such as the one done in the pilot study will not be repeatable.  Causes of lack of 
repeatability are likely to be: 
(i) Type 1 errors, due to multiple testing of large numbers of markers.  For example, if 
1000 markers are screened in any experiment then on average 10 of these would be 
expected to be declared significant at P<0.01 due to random (non-repeatable) effects. 
Therefore, if 15 markers were found to reach the P<0.01 threshold in an experiment, 
then about 5 of these may be expected on average to be real, with the other two-thirds 
being type 1 errors.   
(ii) Variation in linkage disequilibrium between marker and QTL.  This is an 
important issue in association mapping studies.  Because only a small proportion of 
the genome is covered, many markers may be a considerable distance from QTL.  
Recombination between the marker and QTL in key parents will reduce repeatability 
of marker effects in different sub-populations. 
 
When a high proportion of marker effects are not repeatable, multiple regression 
models initially developed will not be effective in predicting variation in independent 
data sets.  In this study, the multiple regression model developed from the pilot study 
(Table 5.2) used many markers that were not repeatable.  Experimental strategies 
designed to sift out repeatable from non-repeatable effects will be required in 
developing markers useful for implementation.  In addition, in association mapping 
studies, large numbers of markers, and interval mapping approaches will assist in 
finding markers close to QTL and in reducing impact of recombination. 
 
Second study 
 
At the time of this report, data from the second study are still being analysed.  Results 
obtained to date show evidence for marker-smut resistance associations: a larger 
number of markers are showing significance at different threshold values (P<0.05, 
0.01, 0.001) than expected by the type 1 error rate, or by permutation testing (Table 
5.4).  The ratio of markers being declared as significant on an individual comparison 
basis compared with those expected at the type 1 error rate and from permutation 
testing was about 1.5 (Table 5.4).  The increased number of markers showing 
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significance at all threshold levels were all associated with positive effects, suggesting 
most markers are associated with genes contributing to resistance rather than 
susceptibility. 
 
 
Table 5.4.  Number of markers declared as significant at different threshold levels in 
the second association mapping data set, compared with number expected by random 
chance (type 1 errors) given in parentheses.  
 
 Results from data 
Threshold 
level 

Number 
of 
markers 
associated 
with 
positive 
effect 

Number 
of 
markers 
associated 
with 
negative 
effect 

Total 

P<0.05 110 (63) 59 (63) 169 (126) 
P<0.01 24 (12) 10 (12) 34 (25) 
P<0.001 4 (1-2) 2 (1-2) 6 (2-3) 
 
A multiple regression model relating data on markers declared significant at P<0.01 
with smut resistance indicated that these markers could account for 54% of the 
variation in clone means for smut resistance.  However, clearly this percentage would 
be much greater than could be expected in an independent set of clones (as illustrated 
in transferring results from the pilot study to the second set of data), because of the 
large proportion of number of type 1 (non repeatable) errors expected. 
 
Overall the results obtained in this component of activity suggest that it should be 
possible to find markers that explain useful proportions of smut resistance and which 
could be cost-effectively implemented in practice in breeding programs, but this will 
remain a challenge and considerable further experiments and analysis efforts are 
required for this to occur.  This is discussed, with recommendations, in section 10. 
 
 
5.2   Elite cross component 
 
Key results obtained to date from this component indicate: 
 
• The field trial to compare progeny from selfs versus progeny from the original 

clones producing these selfs provided broad sense heritabilities of 0.83 and 0.54, 
respectively for CCS and cane yield (Table 5.2.1), indicating adequate levels of 
precision, particularly on a family mean basis.  Variance components for the 
among family component were of similar magnitude to the within family 
component (Table 5.2.1). 

• Overall, the random selfs produced progeny that was just as good performing as 
the original (elite) parents from which these were produced (Table 5.2.1).  Some 
high performing clones were identified and were transferred into core breeding 
program selection systems for further evaluation (in 2006). 
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• Narrow-sense heritabilities for CCS were high, and moderate for cane yield 
(Figure 5.2.1).  This indicates that selection among parents would be highly 
effective for CCS and moderately effective for cane yield. 

• Collectively the above two results suggest strongly that a breeding strategy of 
selection among selfs derived from a good parent, selection among those selfs, 
and then using these as parents in further crossing should be an effective breeding 
strategy.  This is generally supportive of the approach planned in this component 
of activity, whereby selfs are selected on a combination of phenotype and markers 
based on QTL mapping in a population involving the original parent. 

• Results from initial evaluation of the Q4 population (Table 5.2.3) indicate 
adequate levels of precision were obtained for CCS, but cane yield is limiting.   In 
selection among the Q142 selfs based on markers derived from QTL mapping of 
this population (planned in early 2007), more weighting should be given to CCS 
than cane yield.  

 
 
Table 5.2.1.  Results from analysis of variance of trial conducted to compare progeny 
from selfs versus progeny from the original clones producing these selfs.  Variance 
components for among- and within-families are shown, along with mean of all clones 
in the trial and broad sense heritability (Hb). 
 

Statistic Trait 
 CCS Cane yield (t/ha) Sugar yield (t/ha) 

σ2 among families 2.22 569 2.68 
σ2

within families 2.37 463 5.55 
Mean 6.8 129 8.77 

Hb 0.83 0.54 0.62 
 
 
 
Table 5.2.2  Average performance of families produced from selfs from MQ77-340 
and QS79-2954 versus families produced from the original parents, for CCS and cane 
yield. 
 

Trait  
CCS Cane yield (t/ha) 

QS79-2954 
Progeny from QS79-2954 

 
7.95 122.1 

Progeny from selfs of 
QS79-2954 

7.20 115.9 

LSD (P<0.05) 0.36 5.1 
MQ77-340 

Progeny from MQ77-340 
 

5.90 149.7 

Progeny from selfs of 
MQ77-340 

6.35 131.0 

LSD (P<0.05) 0.41 5.7 
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Figure 5.2.1.  Mean of families derived from MQ77-340 and selfs derived from 
MQ77-340 for CCS (left) and cane yield (right), versus mid-parent CCS and cane 
yield. 
 
 
Table 5.2.3  Summary statistics from evaluation of Q4 population (300 progeny from 
cross ROC1 x Q142). 
 
Trait Genetic 

variance 
Error 
variance 

Broad-sense 
heritability 

Error cv 
(%) 

Mean 

Brix (%) 0.89 0.73 0.79 4.2 20.6 
Pol reading 30.76 26.5 0.77 6.7 76.1 
CCS (%) 1.43 1.17 0.78 9.2 11.8 
Visual 
grade  

0.70 1.34 0.61 27.1 4.3 

Stalk wt 
(kg/6 stalks) 

1.58 1.22 0.79 14.5 7.6 

Stalk 
number (per 
4m) 

37.6 77.9 0.59 23.8 37.1 

Cane yield 
(t/ha) 

328 1617 0.38 25.1 160.5 

Sugar yield 
(t/ha) 

6.13 26.7 0.40 27.2 19.0 

 
 
 
 
 
 
 
 
5.3  Introgression component 
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5.3.1  Introgression of high sucrose genes from S. officinarum (project 
CTA047) 
 
The initial aim of project CTA047 was to assess the genetic diversity with S. 
officinarum germplasm and to evaluate the prospects for marker assisted introgression 
of high sucrose genes from this germplasm into core breeding programs.  The activity 
was expanded and extended beyond the initial plans in order to develop better 
understanding of sugarcane genetics and potential application for marker assisted 
selection more generally.  The work undertaken in this component of the project 
developed into the largest single effort in genetic and QTL mapping in sugarcane in 
the world to date, and has generated linkage maps and general knowledge about 
sugarcane genetics, QTL mapping, and potential strategies for marker assisted 
breeding in sugarcane.   
  
Results from this component of the project were reported in detail in the final report 
to SRDC for CTA047 in 2004 (68 pp).  These details are not reported here (but key 
findings and recommendations arising are summarised below) and the final report is 
available on request from P. Jackson.  Apart from the CTA047 final report, additional 
results from this component are reported in detail in the following papers: 
 
Aitken, K.S., Jackson, P.A. and McIntyre, C.L., 2005. A combination of AFLP and 
SSR markers provides extensive map coverage and identification of homo(eo)logous 
linkage groups in sugarcane. Theoretical and Applied Genetics. 110:789-801. 
 
Aitken, K.S., Jackson, P.A. and McIntyre, C.L., 2006.  Quantitative trait loci 
identified for sugar related traits in a sugarcane (Saccharum spp.) cultivar x 
Saccharum officinarum population.  Theoretical and Applied Genetics. 112:1306-
1317. 
 
Aitken, K., Li, J-C., Jackson, P., Piperidis, G. and McIntyre, C.L., 2006. Molecular 
analysis of Saccharum officinarum using AFLP markers and its contribution to 
Australian sugarcane cultivars.  Australian Journal of Agricultural Research (vol 57 
in press; attached here as Appendix 3) 
 
Considerable further activity has occurred in on populations generated from CTA047 
since its completion, in particular marker characterisation of the backcross 
populations (KQ99-1391xQ162) and (KQ99-1410xMIDA) to better examine 
repeatability of marker trait associations across populations.  These data (collation 
finalised in June 2006) are still being analysed, with results found to date detailed in  
Appendix 4:  Repeatability of QTL detection for two populations derived from 
common grandparents. 
 
Some key findings, particularly those with important implications for practical 
application for sugarcane improvement in future are given below: 
 
• Genetic diversity and relationships among the collection of S. officinarum clones 
in Australia was documented, and compared with genetic diversity contained within 
the Australian core breeding program (and detailed Appendix 3).  This showed that a 
major proportion of the genetic diversity within S. officinarum has already been 
captured in the core breeding program parents.  Because of this, and because of (i) 
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results from work characterising the genetic diversity of S. spontaneum in another 
component of CRC project 1cii (described in section 5.3.2 below), and (ii) success in 
developing a range of crosses from both S. spontaneum and Erianthus spp, through 
cooperation with Chinese colleagues it is recommended that (limited resources 
available for) future introgression breeding in Australia focus on the latter two species 
rather than S. officinarum.  
• Genetic linkage maps were generated for both parents of the I1 population (IJ76-
514 x Q165) which was used as a case study population.  2233 markers were screened 
over this population.  The map of the Q165A parent is the most comprehensive yet 
reported for sugarcane (Aitken et al, 2005).  Mapping was more difficult in the IJ76-
514 due to less polymorphism and mappable markers in this clone, probably due to a 
higher proportion of high copy alleles, but a linkage map is also being published for 
this clone.  Genetic diversity research indicates that lower polymorphism levels will 
be a characteristic of S. officinarum and will make QTL mapping more challenging in 
S. officinarum than with commercial clones and with S. spontaneum.  Efforts have 
been initiated recently to develop methods to map multiple copy markers, which will 
greatly improve mapping capacity for the S. officinarum genome in future, but these 
methods have not been applied yet. 
• Quantitative trait loci (QTL) controlling CCS could be readily detected in the I1 
population.  As expected, CCS was found to be controlled through the action of 
numerous (about 40 QTL at P<0.01) genes or genetic regions, rather than a small 
number of major genes.  Markers associated with both negative and positive effects 
on CCS derived from both the S. officinarum clone (IJ76-514) and Q165A were found.  
QTL detected via linked markers produced effects (ie. the difference between progeny 
containing the marker and those without) of up to 0.9 units CCS, with many (>30) 
effects of >0.3 units (either positive or negative effects) being observed.   
• More markers linked to QTL were detected in Q165A than in IJ76-514 for reasons 
mentioned in the first point above. 
• Several markers associated with positive effects on CCS, including one marker 
associated with a 0.9 unit positive CCS effect were detected from IJ76-514, a S. 
officinarum clone not used in breeding programs before, which were absent in the 
core breeding program parent Q165A.  While it remains to be determined whether 
these do in fact represent novel alleles not yet already incorporated into core breeding 
programs via other ancestral S. officinarum clones, this approach illustrates how QTL 
analysis in populations derived from exotic germplasm can be used in detection and 
introgression of favourable alleles from exotic germplasm, that would not be 
otherwise be apparent based on overall phenotype.  
• Notwithstanding the above points, permutation studies using the marker and 
phenotypic data obtained suggested that a large proportion (about 60%) of smaller 
marker effects (<0.3 units CCS) and lesser but significant proportions of larger effects 
apparently detected were due to type 1 statistical errors.  Such errors can easily arise 
in QTL mapping experiments due to random chance effects, because of the large 
number of markers screened.  This emphasises the need for powerful experiments 
(with large populations comprising probably 400 or more clones) and adequate data 
precision, to avoid a large number of false declarations of markers linked to QTL. 
• Markers associated with CCS in the backcross populations were also detected and 
some markers had repeatable effects between the I1 and backcross generations.  
However, some marker effects also reversed between generations which could be 
explained due to genetic recombination between marker and QTL.  There was no 
overall correlation between marker effects between generations, a result which is not 
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surprising given the proportion of type 1 statistical errors expected within these data, 
and likely effects of recombination.    
• The results have shown how QTL mapping and breeding strategies in sugarcane in 
the future will need to take account of, and/or address, causes of lack of repeatability 
of marker effects between populations derived from different but related parents.  
While this can readily be done, the need for large populations for QTL detection, and 
large numbers of markers, is emphasised.   Challenges in sugarcane for association 
mapping across populations derived from different parents are clear from the results, 
including the need for very large numbers of markers and comprehensive genetic 
linkage maps to span QTL regions and ensure markers very closely linked to QTL are 
found. 
• A specific breeding strategy and plan is proposed for conducting marker assisted 
introgression breeding in sugarcane in the future – this was detailed in the final report 
for CTA047.   
• Some clones of potential commercial value were identified in the case study 
backcross populations during the course of this project and these are being transferred 
to core selection programs in the BSES-CSIRO breeding program for commercial 
evaluation. 
• The quality of the genetic linkage maps produced in the I1 population and those 
likely to be made for the backcross populations has meant that these populations have 
become attractive to many other Australian sugarcane researchers.  Other groups 
using the genetic populations and (genetic and phenotypic) data collected in this 
project include those investigating (i) biochemical processes and metabolic pathways 
pertaining to sucrose accumulation (ii) response to low N and nitrogen use efficiency, 
(iii) candidate genes for crop architecture, (iv) metabolic and expression profiling of 
genotypes as investigation of other marker systems.  These research areas are 
currently in progress and mostly being conducted within the CRC for Sugar Industry 
Innovation through Biotechnology. 
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5.3.2   Introgression of S. spontaneum and Erianthus spp. (ACIAR project 
component) 
 
This component is split into five areas of activity as sectioned below. 
 
Genetic diversity in germplasm collections and select a core set of clones for future 
breeding. 
 
 The clones for study in this component were selected in previous years for genetic 
characterisation as follows:  
- 373 S. spontaneum clones from the Chinese national germplasm collection at 
Yunnan Sugar Research Institute (YSRI). 
- 126 E. arundinaceus clones from YSRI. 
- 96 S. spontaneum clones from the Australian (BSES) germplasm collection. 
- 83 E. arundinaceus clones from Australia.   
- 300 S. spontaneum clones from the ISSCT world collection in USA and Brazil 
- 23 E. arundinaceus clones from the ISSCT world collection in USA and Brazil 
- 150 clones representing core breeding program ancestors and parents and cultivars 
from Australia. 
- 100 clones representing core breeding program ancestors and parents and cultivars 
from China. 
 
Details of results from the diversity studies in the S. spontaneum clones are given in 
detail in Appendix 2.  In brief, DNA from the S. spontaneum clones were analysed 
with 5 AFLP primer pairs.  These generated 730 markers, all of which were 
polymorphic, and there were a large number of markers in less than 10% of the 
population studied.  These results illustrate the high level of genetic diversity in this 
material.  Two weak clusters of clones were identified.  The first contained southern 
Indian and Indonesian clones, and the second contains northern Indian and Chinese 
clones.  There was some evidence that clones not in these two clusters are hybrids 
with other species including Miscanthus or Erianthus.  The results may be used for 
future sampling of S. spontaneum material for germplasm conservation and breeding 
purposes by allowing smaller sets of clones to be chosen which effectively represent a 
major proportion of the genetic diversity found in this species. 
 
A manuscript on characterisation of the genetic diversity within Erianthus 
arundinaceus is still in the early stages. The results from this study showed that the 
Chinese representatives of this species are genetically diverse compared with material 
in the Australian collection; the latter material being mostly sourced from Indonesia.  
Within China, there is a clear general difference between clones collected in eastern 
versus western regions.   
 
Following an agreement for exchange of basic germplasm clones between China 
(YSRI) and Australia (BSES-CSIRO) made in 2004, 20 clones for exchange from 
both countries have been chosen and these have been placed in quarantine in the 
respective quarantine glasshouses (Kunming, Yunnan, and Brisbane, Australia).  
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Development of improved clones derived from wild germplasm. 
 
The tables below summarise the crosses made.  Checking of crosses made in the first 
two years was done using DNA markers, while checking of the last year (2004-05) 
has yet to be done.  Checking in all cases was done by taking a random sample of 10 
progeny clones from each cross, and running 3 microsatellite primer pairs across both 
parents and the progeny.  Presence of bands from both parents but without any others 
is interpreted as the progeny being from the claimed parents.  Selfs (bands from only 
the female parent) and rogues (bands from other parents, most likely indicating pollen 
contamination) are also revealed using this method.  The number of crosses with 
confirmed correct progeny from DNA marker checking is indicated, as is the number 
with no correct progeny revealed from the sampling.  We are very happy to have 
successfully made Erianthus spp. x Saccharum crosses and (Erianthus arundinaceus 
x Saccharum spp) x Saccharum crosses that have produced viable seed, and been 
confirmed as being “true” with DNA markers.  This has opened the door for accessing 
Erianthus genes in sugarcane breeding programs.  We believe this is the first time this 
has been successfully done despite many efforts worldwide in the past, and these 
results were published (Cai et al, 2005. Plant Breeding  124:322-328).   
 
Table 5.3.1  Summary of crosses made derived from S. spontaneum and Erianthus 
spp. 

Made  Type of cross Planned in 
project (total) 2002/2003 2003/2004 2004/2005 

Total made 
to date 

S. officinarum 
or commercial 
x S. spont. 

42 26 21 0 47 (45 
correct, 2 
wrong) 

Erianthus x 
Saccharum 

20-30 21 14 3 36 (12 
correct, 24 
wrong, 2 
untested)  

F1/BC1 (from 
Erianthus)  x 
Saccharum 

55-65 12 15 39 66 (8 
correct, 9 
wrong, 49 
untested) 

F1/BC1 (from 
S. spont) x 
commercial 

15-20 13 7 0 20 (18 
correct, 2 
wrong) 

Total 59 26 26 27 79 
 
 
An experiment (called S.spontaneum F1 experiment) involving 30 familes from S. 
officinarum or commercial variety x S. spontaneum established in March 2005 in 
Kaiyuan, Yunnan, was sampled and measured in November 2005.  Two 
corresponding experiments involving 45 S. officinarum or commercial variety x S. 
spontaneum families planted in Australia during 2005 were sampled and measured in 
June, 2006.    Fifteen clones per family with two replicates per family were evaluated 
in all trials.   
 
The from the Yunnan trial (Table 5.3.2) indicate that adequate precision was obtained, 
with broad sense heritability (ie. proportion of variation among clone means 
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attributable to genetic effects) being 0.74 for sucrose content and 0.59 for cane yield.  
An analysis partitioning variance among and within families (Table 5.3.3) showed 
that a high proportion of variance was retained among families for sucrose content, 
but most variation for cane yield is within families.  Practical implications are briefly 
mentioned below. 
 
 
Table 5.3.2.  Analysis of variance for different traits for 30 clones sampled from 
individual plots in the S. spontaneum F1 experiment in Kaiyuan, Yunnan 
province, showing variance components for clones and error, and broad-sense 
heritability. ** indicates statistical significance at P<0.01. 
 

Source of 
variation 

Sucrose 
content (%) 

Stalk weight 
(kg/stalk) 

Stalk number 
(per plot) 

Cane yield 
(kg/plot) 

Clones 1.86** 0.0125** 119.2** 17.0** 
Error 1.27 0.0059 103.6 23.3 

 Heritability 
 0.74 0.81 0.69 0.59 

 
Table 5.3.3.  Analysis of variance partitioning among versus within cross 
variation in the S. spontaneum F1 experiment in Kaiyuan, Yunnan province, 
showing variance components for sucrose % and cane yield.  (Error variance 
used was as estimated for the 30 clones measured in individual plots while 
estimates of other effects were based on analysis of all clones). 
 
Source of variation Sucrose (%) Cane yield (kg/mu) 

Families 1.29 0.85 x 106 

Clones within 
families 

1.11 5.48 x 106 

Error 1.27 3.87 x 106 

 
 
Results from analysis of variance of the Australian experiments are shown below 
(Table 5.3.4).  A similar picture emerged in all three experiments (ie. China and two 
Australian experiments), in that variance components due to families and clones 
within families were of similar scale for sucrose content (or CCS, the measure of 
commercially recoverable sugar content in Australia), while variance components due 
to families were substantially less (half or less) for cane yield or biomass yield.  The 
practical implication of this result is that selection among families is likely to be 
effective for all traits, but particularly for sucrose content, but considerable variation 
within families is exploitable for yield related traits, and family selection for yield will 
be less effective.   
 
GE analyses between countries and trials have yet to be completed.  However, initial 
analysis shows high correlations among family means for stalk weight, sucrose 
measurements (Table 5.3.5) and other traits (not shown here).  This result is very 
significant since it is the first result reported showing that selection among sugarcane 
progenies in one country is likely to be useful for predicting performance in another.  
It is particularly important in terms of planning future mutually beneficial 
collaborations between China and Australia in relation to sugarcane improvement.   
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Table 5.3.4.  Analysis of variance partitioning among versus within cross 
variation in the S. spontaneum F1 experiments in the Burdekin and Herbert 
regions, Australia, showing variance components for CCS, cane yield and total 
biomass yield. 
 

Source of 
variation 

CCS (%) Cane yield (t/ha) Total dry matter 
(t/ha) 

Burdekin region site 
Families 1.19 206 19.4 

Clones within 
families 

1.28 433 44.2 

Error 1.95 562 57.6 
Herbert region site 

Families 0.90 59 6.4 
Clones within 

families 
1.62 192 24.8 

Error 0.93 384 48.2 
 
Table 5.3.5.  Correlations among family means in the S. spontaneum F1 
experiments between a trial in Australia (Burdekin) and the trial at Kaiyuan, 
Yunnan. 

 
STKNUM-

AUS 
STKWT-
AUST 

CCS-
AUST 

DM/HA-
AUST 

CANE 
YLD-
AUS 

CANE 
YLD-
YSRI 

SUCROSE%-
YSRI 

STKWT-
YSRI 

STKNUM-AUS 1        
STKWT-AUST -0.62 1       

CCS-AUST 0.12 0.05 1      
DM/HA-AUST 0.07 0.46 0.32 1     

CANEYLD-
AUST 0.49 0.30 0.13 0.72 1    

CANEYLD-
YSRI -0.43 0.45 0.19 0.43 0.03 1   
SUCROSE%-
YSRI 0.38 -0.21 0.62 0.09 0.14 0.01 1  
STKWT-YSRI -0.63 0.82 0.09 0.45 0.16 0.68 -0.15 1 
STKNUM-
YSRI 0.47 -0.67 0.03 -0.27 -0.19 -0.10 0.30 -0.75 
 
The progeny from crosses made and selected in this project are being transferred into 
breeding programs in both countries.  For most material, two backcrosses to high 
sucrose parents will be required before commercial cultivars can be produced for 
commercial sugar production.  Discussions and planning on possible cooperation in 
this area, including potential exchange of selected clones between countries has 
commenced and will continue.   The evaluation and further breeding and use of 
progeny from component 2 in this project represents a vital extension to the work in 
this project in order to realise commercial benefits from the success achieved in this 
area in the project, and suggestions are made in section 10 below.   
 
To further progress basic understanding about the introgression breeding process, 
particularly with Erianthus, in-situ hybridisation studies have commenced on progeny 
developed in the project.  George Piperidis visited China (4/06/06 to 15/06/06) to 
develop capabilities to undertake chromosome spreading for in situ hybridisation 
analyses in GSIRI.  The target material chosen for this training was progeny from the 
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Erianthus derived BC1 and BC2 mapping populations used in component 3 for QTL 
mapping, and the parents of those populations.  Dr Chen Jianwen (GSIRI) was trained 
in this technique.  During the visit, root tips were collected from 18 clones, including 
2 parents (YC96-40 and NJ57-416), 9 BC1s, and 7 BC2s.  Chromosome spreading 
was attempted for 7 of these clones.  Chromosomes were observed in some of the 
spread preparations, and these were taken back to Australia for further analysis. 
 Preparation of chromosome spreads will continue in China until a visit by Dr Chen 
Jianwen’s to Australia commencing in August 2006.    
 
Evaluation of DNA marker assisted introgression of exotic germplasm in sugarcane 
improvement 
 
This component of the project aims to closely examine several case study populations 
to assess and develop methods for marker assisted introgression.  Populations suitable 
for research plans in this component were produced early in the project and 
successfully established in field trials in 2004/05.   
 
Two populations (each of 300 progeny) derived from S. spontaneum, Co419 x YN75-
1-2 (F1), and ROC25 x YN02-356 (BC1), with YN02-356 a progeny clone from the 
F1 cross were established in a field trial in Yunnan in 2005.  Two populations derived 
from Erianthus arundinaceus were also established in a similar field trial (near the 
city of Zhanjiang in southern Guangdong province) for QTL mapping.  These are a 
BC1 population (YC96-40 x CP84-1198) and a BC2 population (YCE01-116 x 
Neijiang 57-416) populations.  [YC96-40 is from Badilla x HN92-77, and YCE01-
116 is from YC96-40].  There were 203 clones in the BC1 population and 194 clones 
in the BC2 population. These were sampled and measured in early 2006.   
 
Means of the populations, their parents, and results from analyses of variance are 
summarised below (Tables 5.3.6-9).  These indicate that good levels of heritability 
were observed, which will serve as a good basis for subsequent QTL analysis.   
 
300 seedlings from the BC1 cross from YSRI (ROC25 x YN02-356) were planted 
into a similarly designed replicated field trial in the Burdekin region in Australia in 
August 2005.  This cross will be one used for QTL mapping to examine QTL x 
environment (country) interactions.   This trial was sampled and measured in July-
August 2006, with results not yet analysed at the time of writing this report. 
 
Table 5.3.6.  Means for different traits for the F1 and BC1 populations derived 
from Saccharum spontaneum in Kaiyuan, Yunnan province. The F1 population 
is from Co419 x YN75-1-2 and the BC1 population is from ROC25 x YN02-356 
Parent/population Fibre (%) CCS (%) Stalk wt 

(kg/stalk) 
Stalk 
number 
(per plot) 

Cane 
yield 
(t/ha) 

Co419 10.77 8.74 0.75 14.3 49.5 
F1 population 12.8 4.35 0.52 56.2 124 
YN02-356 16.11 5.16 0.40 50.0 85.5 
ROC25 14.0 11.68 0.92 17.0 65.5 
BC1 population 14.3 8.57 0.75 29.6 96.3 
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Table 5.3.7.  Results from analysis of variance for two populations derived from 
Erianthus arundinaceus from evaluation in Zhanjiang, Guangdong.   
 

Variance component Heritability Trait 
Source 
of 
variation 

F1 
population 

BC1 
population 

F1 
population 

BC1 
population 

Clones 2.00 3.98 Fibre (%) 
Error1 9.80 2.38 

0.37 0.84 

Clones 1.43 1.68 CCS (%) 
Error1 0.81 0.94 

0.84 0.84 

Clones 0.011 0.018 Stalk wt 
(kg/stk) Error 0.0074 0.022 

0.82 0.71 

Clones 138.9 59.5 Stalk 
number (per 
plot) 

Error 96.1 28.5 
0.81 0.86 

Clones 909.6 808 Cane yield 
(t/ha) Error 1000 756 

0.73 0.76 

1 Error estimated from 15 clones in each population sampled in individual replicates.  
Other genotypes measured based on pooling samples across all three replicates, and 
clone mean squares determined from data on all clones. 
 
 
Table 5.3.8.  Means for different traits for the BC1 and BC2 populations derived 
from Erianthus arundinaceus from evaluation in Zhanjiang, Guangdong. The 
BC1 population is from YC96-40 (F1) x CP84-1198 and the BC2 population is 
from Niejiang57-416 x YCE01-116.   
Parent/population Brix (%) Pol (%) Purity 

(%) 
Cane 
yield 
(t/ha) 

Electrical 
conductivity 
(ms/cm) 

YC96-40 7.63 4.77 62.4 59 11.8 
CP84-1198 19.43 15.87 81.97 76 5.16 
BC1 population 11.80 8.86 74.4 71 7.34 
YCE01-116 14.13 10.27 86.39 55 7.4 
Niejiang57-416 16.70 14.41 72.36 126 4.95 
BC2 population 13.51 10.78 79.4 116 6.0 
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Table 5.3.9.  Results from analysis of variance for two populations derived from 
Erianthus arundinaceus from evaluation in Zhanjiang, Guangdong.   
 

Variance component Heritability Trait 
Source 
of 
variation 

BC1 
population 

BC2 
population 

BC1 
population 

BC2 
population 

Clones 2.15 1.83 Brix (%) 
Error 2.11 1.58 

0.75 0.78 

Clones 2.76 1.88 Pol (sugar, 
%) Error 2.26 2.18 

0.79 0.72 

Clones 23.4 6.33 Purity (%) 
Error 72.9 49.9 

0.49 0.27 

Clones 758 923 Cane yield 
(t/ha) Error 304 483 

0.88 0.85 

Clones 1.03 0.8 Electrical 
conductivity 
(ms/cm) 

Error 1.47 1.13 
0.68 0.68 

 
 
 
The laboratory marker characterisation of these populations is proceeding, albeit 
slower than originally planned.  At YSRI in the last year, 32 pairs of micro-satellites 
were screened across both populations, and scoring has occurred for these.  Work on 
screening the AFLPs has commenced recently.  Plans have been made for Mr Lui 
Xinlong, the scientist in charge of marker characterisation in the project at YSRI, to 
visit CSIRO for 3 months in the next year and during this visit will run 10 AFLP 
primer pairs across the two populations. 
 
At GSIRI in the last year, DNA was extracted from all progeny from both the BC1 
and BC2 populations. The DNA has been checked for size and quality of all samples 
is fine. 31 SSRs have been screened across the parent’s and grandparents and six 
progeny from both the BC1 and BC2 populations. The level of polymorphism is high 
and all SSRs will now be screened across the reminder of the populations. Lao 
Fangye (scientist in charge of marker characterisation at GSIRI in the project) has 
optimised the use of silver staining and all gels are now run using this method.  
Generation of the AFLP data has started and both populations have been set up for 
AFLP analysis. All progeny from both populations have been digested with the 
appropriate enzymes and linkers added. The pre-amplification stage has been carried 
out for all samples. In total three AFLP primer combinations have been run across 
both populations. These have been silver stained and this is working well. They will 
continue to run AFLPs across the populations. Chen Jianwen a scientist from GSIRI 
will visit CSIRO from August 2006 for a year, within this time she will run 10 AFLP 
primer combinations across the two populations.  
 
Overall, the work in this component is proceeding as per the project plans except that 
the marker characterisation has taken longer in China than originally envisaged.  It 
will be a major challenge to complete this component of the work in the next year as 
originally planned, but is possible provided no major problems occur.  Assistance will 
be provided from the CSIRO laboratory for completion of the characterisation of the 
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Chinese populations during the visits by the scientists from YSRI and GSIRI as 
indicated above.  

 
 

 
6.0  Outputs 

 
The key outputs from this project are: 

• Data and knowledge from large QTL mapping experiments, including know-
how in QTL mapping and application of DNA markers to sugarcane breeding 
programs.   

• Publications pertaining to the above. 
• A range of sugarcane germplasm and clones with high value for Australian 

sugarcane breeding programs and sugar industry.  Some of these clones (eg. in 
may have direct commercial value as cultivars (in elite cross component), and 
others are expected to have ongoing value as parental material in Australian 
sugarcane breeding programs (in the case of clones derived from the 
introgression breeding component). 

 
 

 
 

7.0  Intellectual property 
 
At this stage there is no project intellectual property which we recommend be 
protected by legal means.   
 

 
8.  Environmental and social impacts 

 
There are no immediate environmental impacts arising from project 1cii.  Use of 
germplasm derived from the introgression component of this project may in future 
have significant impact in the longer term in terms of renewable energy production, 
with associated environmental and social benefits on a large scale.  However, 
considerable further steps in evaluation and development are required to realise such 
benefits. 
 

 
9.0  Expected outcomes 

 
The outcomes from research conducted in this project, through further work being 
carried out in project 1c7, are expected to lead to faster genetic gains in Australian 
sugarcane breeding programs, leading in turn to better cultivars being released over 
time and higher industry profitability.  However, the magnitude of these gains are 
difficult to predict at this stage. 
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10. 0  Recommendations and future research 
 
10.1  Association mapping component 
 
10.1.1  General 
 
It is recommended that activity in the association mapping component of the project 
planned in the CRC project 1c7 progress as planned.   
 
However, in addition, the recent smut outbreak in south Queensland, and encouraging 
results to date in finding markers associated with smut resistance leads to a 
recommendation that markers for smut resistance be developed for implementation 
into core breeding programs as soon as possible. Use of marker assisted selection for 
smut resistance could play a very valuable role in the next 4-5 years by increasing 
frequency of smut resistant clones in regional selection programs, in preparation for 
likely smut incursions across all regions. 
 
To do this, three general areas of activity are required.  These should be done 
concurrently:  
(i) Conversion of promising AFLP markers (and later any promising DArT markers) 
to high throughput low cost per genotype markers, and making appropriate 
arrangements for large scale screening of these markers (either “in-house” or via a 
suitable commercial service supplier).  
(ii)  Validation of promising markers in independent populations. 
(iii) Analysis of options for implementation in breeding programs (eg at what stage of 
selection should screening occur, what weighting should be put on marker data versus 
other traits in deriving optimal selection indices), so that implementation can deliver 
maximum genetic gain per dollar invested. 
 
To undertake the above as rapidly as possible, existing 1c7 resources should be re-
allocated from originally planned activities.  This will require a revision of current 
milestones, and a proposal outlining details should be prepared for consideration by 
the CRC Executive. 
 
 
10.2  Elite cross component 
 
It is recommended that activity originally planned on the Q3 population (Q117 x 
MQ77-340) be terminated, and resources in this project be re-allocated to Q4 and 
other project components.  This is because Q3 parents are susceptible to smut disease 
and most progeny would be expected to be smut susceptible.  By contrast, Q4 (ROC x 
Q142) has a smut resistant parent (Q142) and progeny would be expected to segregate 
for smut resistance. 
 
Plans for Q4 should proceed as planned, commencing from year 3 in the overall plan 
for this component given in the methods section.   
 
In addition, it is recommended that progeny from Q4 be screened for smut resistance, 
as indicated in 10.1. 
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10.3  Introgression related activity 
 
An important review of marker and QTL analysis results should occur in 2007, 
following collation of all marker data from the case study populations and analysis of 
this.  This should be done with a view of recommending if and how marker assisted 
introgression breeding should continue on elite populations identified from initial 
field trials established from progeny derived from S. spontaneum and Erianthus spp. 
 
Currently, particularly in China, there is strong interest in targeting energy use 
(especially ethanol) from sugarcane as a breeding program objective.  Development of 
ethanol production systems in China and Australia may become very important for 
economic, environmental, and national security reasons in the near future.  The 
properties of some clones generated in this project (based on observed phenotypes and 
habitats of the wild species parents; such as high dry matter yields, drought tolerance, 
strong ratooning ability, and other traits) means there may be significant opportunities 
arising from this project in this regard.  Further discussions within the project team 
and with other parties will occur soon in relation to this, aiming to establish if any 
mutually beneficial R&D opportunities exist, particularly in evaluation and further 
selection among genetic populations for suitability in cellulosic ethanol productions 
systems.   
 
 



 32

11.0  Publications arising from the project 
 
Aitken, K.S., Jackson, P.A. and McIntyre, C.L., 2005. A combination of AFLP and 
SSR markers provides extensive map coverage and identification of homo(eo)logous 
linkage groups in sugarcane. Theoretical and Applied Genetics. 110:789-801. 
 
Cai, Q., Aitken, K., Deng, H.H., Chen, X.W., Cheng, F., Jackson, P.A., Fan, Y.H. and 
McIntyre, C.L. Verification of intergeneric hybrids (F1) from Saccharum officinarum 
x Erianthus arundinaceus, and BC1 from F1 x sugarcane (Saccharum spp.) clones 
using molecular markers.   Plant Breeding 124:322-328. 
 
Cai, Q., Aitken, K.S., Fan, Y.H., Piperidis, G., Jackson, P. and McIntyre, C.L. (2005).  
A preliminary assessment of the genetic relationship between Erianthus rockii and the 
"Saccharum complex" using microsatellite (SSR) and AFLP markers.  Plant Science 
169: 976-984 
 
Aitken, K.S., Jackson, P.A. and McIntyre, C.L., 2006.  Quantitative trait loci 
identified for sugar related traits in a sugarcane (Saccharum spp.) cultivar x 
Saccharum officinarum population.  Theoretical and Applied Genetics. 112:1306-
1317. 
 
Aitken, K.S., Li, J-C., and Jackson, P.A.  (2006)  Using molecular markers to 
introgress traits from related wild species into sugarcane.  Proc. Aust. Soc. Sugar 
Cane Tech. 187-195. 
 
Wei, X., Jackson, P., McIntyre, L., Croft, B. and Aitken, K. (2006)  Associations 
between DNA markers and resistance to diseases in sugarcane, and effects of 
population sub-structures.  Theoretical and Applied Genetics (in press) 
 
Aitken, K., Li, J-C., Jackson, P., Piperidis, G. and McIntyre, C.L. (2006) Molecular 
analysis of Saccharum officinarum using AFLP markers and its contribution to 
Australian sugarcane cultivars.  Australian Journal of Agricultural Research (in 
press) 
 
Aitken, K., Li, J., Wang, L., Cai, C., Fan, Y.H. and Jackson, P. (2006)  
Characterization of intergeneric hybrids of Erianthus rockii and Saccharum using 
molecular markers.   Genetic Resources and Crop Evolution (submitted) 
 
 
Several other publications are being prepared for publication. 
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Appendix 4:  Repeatability of QTL detection for two populations derived from 
common grandparents. 
 
The BC1 trial designed to assess the repeatability of QTL detection contains two 
populations P4 (KQ99-1391xQ162) and P6 (KQ99-1410xMIDA). CCS and other 
traits were measured for 4 reps of 200 progeny of each cross over the two years 2004 
and 2005. 
 
Single factor QTL analyses on CCS and comparisons between years and populations 
are presented and summarised. In addition, plans for further analysis and comparisons 
are outlined.  Two sample t-tests using the Welch modification to degrees of freedom 
and so not assuming equal variance were employed to test for differences in average 
CCS between progeny possessing the dominant allele and those without. Results for 
tests conducted at the 0.01 and 0.05 levels are presented. Alternatives are discussed in 
the conclusion section. 

Between years comparison of QTL detected 

 
For the purposes of linkage analysis and QTL analysis, marker scores obtained by 
CEQ, AFLP and SSR methods were combined.  
 
After removing markers with identical scores, 2117 markers for population P4 and 
2011 markers for P6 were employed. Approximately 50% more markers were 
significant than would be expected by random chance alone. 
 
P4 (KQ99-1391xQ162) 
 
  Table 1. Number of markers significant or not at the 0.01 level for P4 
  2005 
  ns P<0.01 Total 
 Ns 2068 12 2080
2004 P<0.01 16 21 37
 Total 2048 33 2117
 
  Table 2. Percentage of markers significant or not at the 0.01 level for P4 
  2005 
  ns P<0.01 Total 
 Ns 97.7 0.6 98.3
2004 P<0.01 0.8 1.0 1.8
 Total 98.4 1.6 100.0
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Figure 1: p-values for single factor QTL analysis comparing 2004 and 
2005 for P4 (KQ99-1391xQ162). Points on the one-to-one line      are 
equal in both years. The difference vs mean plot indicates no 
relationship between average and the difference in p-values. 

 
The number and percentages of markers from P4 progeny which are significant at the 
0.01 level are shown in Tables 1 and 2.  Of the 2117 markers, 1.8% were significant 
at the 0.01 level in 2004 compared to 1.6% in 2005. 1% of markers were significant in 
both years which was about 2/3 of significant markers in a particular year. A similar 
story can be seen for tests carried out at the 0.05 level. As shown in tables 3 and 4, 
about 4% of markers were significant in both years whereas 6% were significant in 
each year. 
 
  Table 3. Number of markers significant or not at the 0.05 level for P4 
  2005 
  ns P<0.05 Total 
 Ns 1930 62 1992
2004 P<0.05 43 82 125
 Total 1973 144 2117
 
  Table 4. Percentage of markers significant or not at the 0.05 level for P4 
  2005 
  ns P<0.05 Total 
 Ns 91.2 2.9 94.1
2004 P<0.05 2.0 3.9 5.9
 Total 93.2 6.8 100.0
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Figure 2: Estimated QTL effect and t-value for 2004 and 2005 for 
population P4 

 
Figure 1 shows p-values for all 2117 markers compared between 2004 and 2005 for 
progeny of the P4 cross. It is evident from the first plot shows that while there is a 
positive relationship between p-values over years there is considerable variation. In 
contrast the estimates of the effect (the mean difference between CCS for those 
progeny scored 1 versus those scored 0 for a particular marker) were more consistent 
between years as were the t-values.     
 
P6 (KQ99-1410xMIDA) 
 
  Table 5. Number of markers significant or not at the 0.01 level for P6 
  2005 
  Ns P<0.01 Total 
 Ns 1968 19 1987
2004 P<0.01 11 13 24
 Total 1979 32 2011
 
  Table 6. Percentage of markers significant or not at the 0.01 level for P6 
  2005 
  Ns P<0.01 Total 
 Ns 97.9 0.9 98.8
2004 P<0.01 0.6 0.7 1.2
 Total 98.4 1.6 100.0
 
For P6 (KQ99-1410xMIDA) 2011 markers were scored. Tables 5 and 6 show 
numbers and percentages of significant markers for P6 at the 1% level. It is clear that 
the numbers of significant markers follow a similar pattern to those of P4 as 
summarised in Tables 1 and 2. It is clear by comparing Tables 3 and 4 with 7 and 8 
that tests carried out at the 5% level also exhibit a similar pattern for P6 as they did in 
P4. 
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Figure 3: p-values for single factor QTL analysis comparing all markers in 2004 
and 2005 for progeny from cross P6 (KQ99-1410xMIDA). Points on the one-to-
one line are equal in both years. The difference versus mean plot indicates no 
relationship between average and the difference in p-values. 

 
 
  Table 7. Number of markers significant or not at the 0.05 level for P6 
  2005 
  Ns P<0.05 Total 
 Ns 1812 60 1872
2004 P<0.05 81 58 139
 Total 1893 118 2011
 
  Table 8. Percentage of markers significant or not at the 0.05 level for P6 
  2005 
  ns P<0.05 Total 
 Ns 90.1 3.0 93.1
2004 P<0.05 4.0 2.9 6.9
 Total 94.1 5.9 100.0
 
 

Figure 4: Estimated QTL effect and t-value for 2004 and 2005 for 
population P6 
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As for P4 progeny, estimated QTL effects and t-values for P6 exhibit a stronger 
relationship between 2004 and 2005 than do the p-values. While the estimates appear 
to be linearly related between 2004 and 2005, both P4 and P6 have a larger range in 
2004 than in 2005 with bigger positive values. 
 

Between populations comparison of QTL detected 

 
Approximately half of the two thousand markers were common to both populations. 
After removing markers with identical scores, 1075 markers were common to both 
populations P4 and P6 for both years 2004 and 2005. 
 
A similar approach to that above was conducted by employing t-tests for QTL 
detection for each marker.  For each year, p-values, estimates and t-values for P4 and 
P6 were compared.  
 
As expected, the relationships between P4 and P6 progeny were not as strong as those 
observed between years for progeny from the same cross. From Figure 5 it is seen that 
the relationships between QTL p-values of P4 and P6 progeny were not as strong as 
those observed between years within progeny of P4 and P6 (see Figures 1 and 3). 
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Figure 5: Comparison of QTL p-values obtained by single factor 
analysis of CCS on markers in common from progeny of two 
crosses P4 (KQ99-1391xQ162) and P6 (KQ99-1410xMIDA).  

 
 
It is clear from Figure 5 and Tables 9 to 12 below, that QTL are less likely to be 
consistently found in the different crosses than was observed between years for a 
particular cross. Indeed, at the more stringent significance levels of P<0.01 while 
approximately half as many markers again have a significant relationship with CCS, 
no significant markers were found in both P4 and P6. At the 5% level, only 8 markers 
of the 1075 in common were found in 2004. In 2005, only half that many, or 4 
markers, were significant in both P4 and P6. 
 
 
 
  Table 9. Percentage of markers significant or not at the 0.01 level in 2004 
  P6 
  ns P<0.01 Total 
 Ns 96.7 1.6 98.3
P4 P<0.01 1.7 0.0 1.7
 Total 98.4 1.6 100.0
 
  Table 10. Percentage of markers significant or not at the 0.05 level in 2004 
  P6 
  Ns P<0.05 Total 
 Ns 85.9 7.9 93.8
P4 P<0.05 5.5 0.7 6.2
 Total 91.4 8.7 100.0
 
  Table 11. Percentage of markers significant or not at the 0.01 level in 2005 
  P6 
  Ns P<0.01 Total 
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 ns 96.3 1.9 98.1
P4 P<0.01 1.9 0.0 1.9
 Total 98.1 1.9 100.0
 
  Table 12. Percentage of markers significant or not at the 0.05 level in 2005 
  P6 
  Ns P<0.05 Total 
 Ns 87.5 6.0 93.5
P4 P<0.05 6.1 0.4 6.5
 Total 93.7 6.3 100.0
 
 

Discussion  

 
The analyses presented above are single factor QTL analyses and so have known 
limitations in that they are not as powerful as interval mapping, other multiple marker 
or multiple QTL approaches. 
 
However, due to the issues of marker dosage and the complex genetic architecture of 
sugarcane, more powerful approaches will not always be possible for all markers 
considered here. More powerful methods are currently only applied to single dose 
markers and double dose markers if these can be positioned on a map. Markers not 
positioned on a map are still subject to a similar type of analysis as presented here. 
Hence, the methods presented here are valid in the sense that these methods are 
applied to all markers initially as a first step in data exploration and are the only 
method available for markers which can not be mapped. 
 
As expected, the results from this trial indicate that QTL for CCS appeared to more 
consistent between the years 2004 and 2005 than between the crosses P4 and P6.  
Approximately half as many again significant markers were seen that would be 
expected by random chance. This is also consistent with what has been seen 
previously. 
 
Irrespective of the alpha level used for testing, approximately 40% of significant 
markers were significant in both years for the P4 cross. Similarly for the P6 cross, 
30% of significant markers were significant in both years. 
 
Markers were less likely to be significant in both crosses. When analysed separately 
for 2004 and 2005, no markers were observed to be significant for both P4 and P6 at 
the 1% level. At the 5% level, only 8 markers in 2004 and 4 markers in 2005 were 
significant. This amounts roughly to 1 in 20 or 30 being significant which is 
considerably less than the proportion observed between years.  
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Recommendations for future work 

 
Better methods for QTL analysis in sugarcane should not only allow better detection 
of QTL but also more accurate assessment of issues like repeatability. 
 
Construction of molecular marker maps is currently underway and will be followed 
by more complex QTL mapping as part of the process of developing novel methods 
for QTL analysis in sugarcane. Such methods will give better estimates of QTL 
significance but where possible will also give the added insights by positioning these 
on marker maps. 
 
In addition to better estimating QTL by more complex linkage analysis and QTL 
mapping techniques, it is also critical that the method of estimating CCS be evaluated. 
Issues such as plot size and shape, spatial correlation and competition would appear to 
make accurate estimates of traits such as CCS more problematic than other crops like 
wheat. While not advocating an all in approach to field trial and QTL analysis, it is 
advocated that alternate methods such as spatial analysis for obtaining better CCS 
estimates be investigated.  
 
In conclusion, this trial provides a unique resource in assessing repeatability. More 
powerful techniques for estimating complex traits like CCS and also for QTL analysis 
should provide more insights into the question of repeatability. 
 




