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INTRODUCTION 
By its production of approximately 40 million plants per year, azalea (Rhododendron 
simsii hybrids) is the most important flowering pot plant in Belgium . Flower colour is 
one of the most important features for azalea breeding. In azalea, flower colour is 
inherited as a semi-qualitative trait and is mainly determined by differences in 
anthocyanin and flavonol levels. Its segregation pattern could be explained by a two-
gene model (Heursel and Horn 1977). Gene expression of flower colour genes was 
studied before in an azalea sporting series (De Keyser et al. 2007). Flower colour has 
served as a model system ever since the beginning of genetics with Mendel and his 
peas. The multi-disciplinary knowledge on flower colour in azalea made it therefore a 
perfect model for genetical genomics. Genetical genomics (Jansen and Nap 2001) 
became available with the introduction of microarrays for gene expression profiling. 
However, for minor crops this is not an option. cDNA-AFLP was proposed as an 
alternative profiling method (Vuylsteke et al. 2006) but this technique cannot handle 
candidate genes directly. The use of RT-qPCR data for eQTL mapping was not reported 
before in plant genomics, but is reported here as a valuable alternative for eQTL 
mapping. 
 
MATERIALS AND METHODS 
Plant material 
A segregating population of 250 plants (‘Sima’ x ’98-13-4’) covering all colours except 
purple (carmine red, brick red, pink and white) was selected from the breeding 
program.  
Flower colour 
Flower colour was scored as described in De Keyser et al. (2009). The loci W and Q were 
subsequently mapped as monogenic traits. Image analysis data were mapped as 
derived RGB values (R/(G+B), R/B and R/G). 
Linkage map 
A genetic map was constructed by a framework of AFLP and SSR markers; details on the 
map can be found under population ‘GxH’ in De Keyser et al. (2010).  
Gene expression  
Six RT-qPCR primer sets were developed for genes coding for key enzymes in the 
flavonoid biosynthesis pathway: CHS, DFR, F3H, F3’H, ANS and FLS. Standard curves 
were as described in De Keyser et al. (2007). qPCR analysis was performed as described 
in De Keyser et al. (2009). 
QTL mapping 
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Derived RGB parameters (R/(G+B), R/G and R/B) were used as an input for QTL analysis. 
NRQ values of flavonoid biosynthesis genes served as input for eQTL mapping. Since 
(e)QTL mapping requires normally-distributed data, all data were subjected to BoxCox-
transformation (Statistica 9.0). QTL mapping was done by means of Kruskal-Wallis rank-
sum tests and Interval Mapping (steps of 10 cM) in MapQTL5 (Van Ooijen 2004). LOD 
significance threshold values (p-value of 0.05) were determined by the permutation 
test for interval mapping (100 iterations). For each significant QTL, confidence intervals 
corresponding to a drop in the LOD significance threshold values to LOD 2 were 
calculated. The variation explained by the QTL was calculated as the average variation 
over the significant interval. 

RESULTS 
QTL mapping of flower colour 
Derived RGB parameters were used as an input for QTL mapping. When white flowers 
were included in the QTL analysis, unstable QTL interval mapping profiles showing 
exceptionally high LOD-scores could be seen. Omitting white flowers from the dataset 
reduced the QTL LOD scores to an acceptable level. The parameter R/(G+B) is a 
measure for coloration (white versus brick/carmine red) and this was confirmed by the 
co-localization of a major QTL for R/(G+B), explaining on average 57.5% of the variation, 
at the locus W on linkage group GxH19. R/G (61.2%) and R/B (67.2%) had a major QTL 
at this position as well. Considering R/B, high values correlated with brick red flowers 
and low values with carmine red, indicating R/B stands for co-pigmentation. A major 
QTL for this value was co-localised with locus Q on linkage group GxH7. It explained 
typically 42.8% of the variation present at this locus. Dunemann et al. (1999) also 
reported the occurrence of two major QTLs for flower colour in Rhododendron.  
eQTL mapping  
According to Shi et al. (2007), even in small populations the power can already be 
sufficient to detect eQTLs. Therefore we determined gene expression in a subset of 70 
samples. For ANS, not a single eQTL could be identified. The expression of DFR co-
located with several loci, on linkage group GxH5, GxH8, GxH10 and GxH17, but only the 
latter was confirmed in Kruskal-Wallis. DFR gene expression is undoubtedly correlated 
(p<0.005) with the F3’H locus on this linkage group. The correlation also exists with 
nearby markers at this position, but not with the DFR locus itself, although it is 
apparent that DFR is part of a major eQTL explaining 41% of the DFR gene expression 
variation. For FLS, a major eQTL elucidates on average 34.8% of the variation. It is 
located around the Q-locus on linkage group GxH7. A major eQTL for CHS, F3H and F3’H 
is co-located with MYB11 on linkage group GxH2. CHS and F3H also share another 
major eQTL at linkage group GxH13. A minor eQTL for both CHS and FLS is situated on 
linkage group GxH9, in linkage group H1 an eQTL for F3H is added at this position. 
These are, to our knowledge, the first RT-qPCR data that are reported to be mapped as 
eQTLs in plants. 

DISCUSSION 
Coordinated expression of a block of anthocyanin structural genes appears to be a 
common feature of the transcriptional regulation of this pathway. The expression of 
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CHS, F3H and F3’H results in a common major eQTL on linkage group GxH2. From this 
information we conclude that this breakpoint differentiates between genes that are 
needed to catalyse only flavonols and those for anthocyanin biosynthesis, as was also 
reported in petunia (Quattrocchio et al. 1998). Both F3H and CHS have an eQTL on 
linkage group GxH13 but this locus does not seem to play a significant role in the 
regulation of F3’H expression. In addition, F3H and CHS share a minor eQTL on linkage 
group GxH9. This strengthens the theory of co-regulation of CHS and F3H as early 
genes. Moreover, the common eQTL on linkage group GxH9 of both CHS and F3H with 
FLS could be seen as a common regulation of these three genes leading to the 
biosynthesis of flavonols. Depending on the pigment classes produced, F3’H or F3’5’H 
are expressed in azalea petals. In this way, a regulation of F3’H partly independent from 
the other early genes (F3H and CHS) seems to be convenient. A candidate gene 
(MYB11) is co-located with the eQTLs for F3H, CHS and F3’H. The presence of MYB11 
only accounts for small differences in gene expression levels, a typical phenomenon of 
trans eQTLs. Two other candidate genes co-localise with the eQTLs for F3H and CHS on 
linkage group GxH13, MYB15 and the gene coding for ANS. Kruskal-Walllis analysis 
clearly shows the strong effect of the ANS-gene on the expression of both F3H and CHS. 
The role of the ANS-locus remains obscure, since the allele that increases gene 
expression is not limited to a specific flower colour group. Again, the myb-gene 
accounts for small gene expression differences, but its correlation with the gene 
expression data is highly significant (p<0.005). The involvement of both MYB11 and 
MYB15 at eQTL loci for early genes might implicate that their coordinated action is 
responsible for the regulation of early gene expression. This does not prove that these 
myb-markers are actually the genes underlying this eQTL, but the clustering of several 
eQTLs at this hot-spot can, however, be seen as an indication for the actual presence of 
functional myb-genes underlying these eQTLs. No common eQTLs or influence of myb-
genes could be discerned in azalea for the mapped late biosynthetic genes ANS and 
DFR. For DFR, an eQTL was co-located with the F3’H locus that was mapped close to the 
gene of DFR. This locus explained over 20% of the gene expression variation. However, 
the DFR gene was not correlated to its expression in Kruskal-Wallis analysis. For this 
reason, it might be that DFR expression is cis or local-trans regulated with F3’H acting as 
one of the inducers of DFR transcription. As both genes belong to a different branch of 
the anthocyanin pathway, it appears that the expression of one of the early structural 
genes (F3’H) is a switch that turns on the biosynthesis of late pathway genes. An 
extended eQTL study on a larger number of samples will be necessary to obtain 
additional eQTLs for the late biosynthetic genes. 
The association of an eQTL for FLS with a flower colour QTL (R/B) at the locus Q on 
linkage group GxH7 indicates that FLS is likely to be involved in the expression of the co-
pigmentation phenotype. FLS expression is supposed to induce the production of the 
co-pigments, which in combination with anthocyanins, make the flowers carmine red. 
Q encodes for the presence of this co-pigmentation in the mapping population, so the 
regulation of this trait is clearly located on linkage group GxH7. However, the gene 
underlying the locus Q was not identified so far in this population. 
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The eQTL for FLS at locus Q can be seen as a proof of concept for our methodology. RT-
qPCR is a highly sensitive method that can discriminate even 2-fold differences if 
performed correctly. Micro-arrays can never reach the same sensitivity level and are 
therefore in our opinion less powerful for eQTL detection. Hybridization-based eQTL 
mapping is also reported to suffer from a high degree of false cis-eQTLs (Alberts et al. 
2007). By using RT-qPCR, we succeeded in the detection of a substantial higher amount 
of consistent trans-eQTLs. However, it must be stressed that RT-qPCR can only result in 
reliable expression profiles if the proper normalisation and calculation methods are 
implemented. This requires at least the use of high quality RNA of at least two 
biological replicates, multiple validated reference genes and gene-specific PCR 
efficiencies for calculation of the gene expression data. Unfortunately, in the current 
QTL mapping algorithms it is not possible yet to include the standard deviation on a 
calculated value in the QTL analysis. It would be highly innovative to develop an 
algorithm that can take into account the variation on an averaged value. This would not 
only be valuable for eQTL mapping but also for QTL mapping of repeated 
measurements of phenotypic traits. 
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