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were collected during subsequent clonal selection gen-
erations at the individual breeding companies. QTL were 
identified for 19 agro-morphological and quality traits. Two 
association mapping models were used: a baseline model 
without, and a more advanced model with correction for 
population structure and genetic relatedness. Correction for 
population structure and genetic relatedness was performed 
with a kinship matrix estimated from marker information. 
The detected QTL partly not only confirmed previous stud-
ies, e.g. for tuber shape and frying colour, but also new 
QTL were found like for after baking darkening and enzy-
matic browning. Pleiotropic effects could be discerned for 
several QTL.

Introduction

Potato (Solanum tuberosum L.) is the most important non-
cereal staple crop worldwide and is increasingly being 
cultivated in Asia and developing countries, which tradi-
tionally rely on rice, pulses or other root and tuber crops 
like cassava and sweet potato. Unlike many crops that dis-
play an annual genetic gain of approximately one percent 
yield increase per year, the genetic gain in potato is almost 
absent. Its current breeding system, characterized by tetra-
ploidy (2n = 4x = 48) and intolerance to inbreeding (Brad-
shaw et al. 2008), does not allow fixation of superior allele 
combinations in homozygous condition. In effect, potato 
breeders may capture beneficial allele combinations within 
a cultivar by chance, but individual beneficial alleles cannot 
be fixed in tetraploid outbreeding germplasm unless mark-
ers are used in “precision breeding” strategies (Li et  al. 
2008). An initiative to overcome these limitations and to 
develop true seed F1 hybrids was launched recently (Lind-
hout et al. 2011).
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Recent technological developments in molecular genet-
ics have led to numerous cost-effective methods for the 
generation of large marker datasets, enabling construction 
of marker dense genetic linkage maps (van Os et al. 2006) 
and facilitating genome-wide association studies (GWAS) 
(D’hoop et  al. 2008). GWAS are considered a valuable 
alternative to bi-parental crosses for the identification of 
quantitative trait loci (QTL) for three reasons. Association 
mapping using a panel of commercial cultivars increases 
the opportunity to detect superior alleles of relevant QTL 
within the breeders’ gene pool. Second, GWAS has poten-
tially a higher mapping resolution, and third manages the 
diversity of the tetraploid gene pool efficiently (Flint-Gar-
cia et  al. 2003; Jannink and Walsh 2002; Nordborg and 
Tavare 2002).

Successful pioneering association studies have been 
performed not only in human genetics, but also in selfing 
plant species like Arabidopsis (Nordborg et al. 2002; Aran-
zana et  al. 2005; Zhao et  al. 2007a, b), maize (Reming-
ton et  al. 2001; Thornsberry et  al. 2001; Yu et  al. 2006) 
and rice (Lu et  al. 2005; Mather et  al. 2007). Currently, 
association studies are shifting away from model organ-
isms towards crop species (Zhu et  al. 2008). Association 
mapping identified QTL in various crop species, e.g. bar-
ley (Kraakman et al. 2004; Caldwell et al. 2006; Cockram 
et al. 2008), Brassica rapa (Zhao et al. 2007a, b), soybean 
(Wang et  al. 2008), sugar beet (Kraft et  al. 2000; Stich 
et  al. 2008a, 2008c), sugarcane (Raboin et  al. 2008) and 
wheat (Breseghello and Sorrells 2006a, b; Maccaferri et al. 
2005; Stich et al. 2008b). The achieved successes clearly 
indicate that association mapping has become an impor-
tant tool for QTL detection and that the application of 
associated markers in marker assisted selection is under-
way (Ersoz et al. 2007).

Association mapping has downsides as well. Linkage 
disequilibrium (LD) is affected by population structure 
due to drift, admixture and selection, the level of recombi-
nation, and allele frequencies. Consequently, association 
mapping results should be interpreted with care (Flint-
Garcia et  al. 2003; Gupta et  al. 2005). Correction for 
population structure is essential to control the false dis-
covery rate, but at the cost of losing true but confounded 
marker–trait associations (Jannink and Walsh 2002; Zhu 
et  al. 2008; Breseghello and Sorrells 2006a, b; Mackay 
and Powell 2007). Population structure is mostly tackled 
by inspecting the association panel with STRUCTURE 
(Pritchard et  al. 2000), a Bayesian approach that assigns 
group membership probabilities to genotypes using 
molecular marker information. Alternatively, multivari-
ate approaches may be adopted to calculate genetic dis-
tances from marker data or pedigree information. Genetic 
distances can subsequently be used for cluster analysis 
(Kraakman et al. 2004; Simko et al. 2004a) or can directly 

impose structure on the variance–covariance matrix 
between genotypes in a mixed model environment (Paris-
seaux and Bernardo 2004; Malosetti et al. 2007). Results 
of Bayesian and multivariate approaches can also be used 
jointly in one model to correct for population structure 
as shown by Yu et  al. (2006). Phenotypic analysis can 
precede or can be integrated with association mapping. 
Where phenotypic analysis precedes mapping, first geno-
typic (main) effects are estimated, which then are consid-
ered to be the response variable in association mapping 
(Stich et al. 2008b).

Studies on the inheritance of morphological and agro-
ecological traits have, for obvious reasons, been performed 
mainly on diploid experimental material of limited agro-
nomical value. QTL studies in diploid mapping populations 
aimed to improve pathogen resistance (e.g. Collins et  al. 
1999; Visker et al. 2003) or quality traits (e.g. Douches and 
Freyre 1994; Menendez et al. 2002; Werij et al. 2007). Only 
a few mapping and QTL studies have been reported using 
tetraploids (Bradshaw et al. 2004, 2008; Khu et al. 2008). 
Initial candidate gene association studies in tetraploid 
potato have been published recently (Li et al. 2008; Simko 
et al. 2004a, b; Malosetti et al. 2007; Gebhardt et al. 2004; 
Li et al. 2005). D’hoop et al. (2008) presented a proof-of-
principle for GWAS in tetraploid potato, whereas this study 
reports on a comprehensive genome-wide association study 
in potato.

This study includes a larger number of genotypes and 
markers, including SSRs, and additional traits as compared 
with D’hoop et  al. (2008). We compare two association 
panels using a large number of randomly generated mark-
ers. Population structure was corrected for by structuring 
the variance–covariance matrix of the random genotypic 
effects in a mixed model framework, using a relatedness 
matrix based on marker correlations. We detected new 
marker–trait associations and confirmed previously known 
associations for a variety of agro-morphological and qual-
ity traits.

Materials and methods

Plant material

A set of 430 tetraploid cultivars was collected, representa-
tive of commercial potato germplasm. Details on the com-
position of this set and selection criteria can be found in 
D’hoop et al. (2008). Tuber material was provided by five 
Dutch breeding companies and several genebanks (see 
Acknowledgments). Leaf material was harvested from 
greenhouse-grown and in vitro-grown genotypes, fro-
zen with liquid nitrogen and stored at −80 °C until DNA 
extraction.
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Phenotypic observations

Phenotypic data were collected for two partly overlapping 
association panels. The first panel contained 205 freely 
available historical and contemporary potato cultivars. Phe-
notypic values for this “academic panel” were obtained 
from a replicated two-location field trial in 2006. These 
trials resulted in a balanced dataset with few missing val-
ues. The phenotypic data of the second panel, referred to 
as the “industrial panel” integrated phenotypic data on 299 
genotypes collected during company-specific clonal selec-
tion programs. For certain traits, observations made during 
clonal selection trials resulted in a somewhat unbalanced 
dataset, but other traits were phenotyped across many loca-
tions for many years. The 299 genotypes of the industrial 

panel included 190 recent breeds (five companies*38) 
and 109 standard cultivars. The overlapping 101 cultivars 
between the two panels illustrate that cultivars from the 
academic panel frequently served as standards in clonal 
selection trials. Further details about the characteristics of 
both panels can be found in D’hoop et al. (2011).

Trait values for 19 phenotypic characters were recorded 
following standard protocols of breeding companies, with 
emphasis on processing quality traits. An overview of trait 
names and/or abbreviations is presented in Table 1. Assay 
protocols are described in D’hoop et  al. (2011), but brief 
trait descriptions are as follows: non-enzymatic discoloura-
tion of French fries or cooked tubers, through oxidation of 
iron-chlorogenic acid (Wang-Pruski and Nowak 2004) was 
observed after baking (ABD) and after cooking (ACD). 
Cold sweetening caused by the accumulation of reducing 
sugars was indirectly scored using the Maillard discoloura-
tion of French fries (FryingCol). Sample material for ABD 
and FryingCol phenotypes was subjected to varying stor-
age regimes. Enzymatic discolouration caused by oxidation 
of phenols by polyphenol oxidase (Lærke et al. 2002), was 
recorded 30 min after grating tubers. The intensity of yel-
low pigmentation of tuber flesh was rated from light yel-
low 6 to orange 9. We only considered yellow pigmentation 
intensity to study the genetic control of tuber flesh yellow-
ness in raw and cooked tuber tissue (FleshColY and Cook-
ColY). We excluded the white–yellow contrast, controlled 
by the well-known Y-locus on chromosome 3 (Bonierbale 
et  al. 1988). Cooking Type, Maturity, Shape, Size and 
starch content (Underwater Weight) were recorded as well.

Phenotypic analysis of both association panels using 
mixed models resulted in the estimation of genotypic main 
effects that formed the basis for the association analyses in 
this paper, heritabilities and genetic correlations. Further 
details on the methodology used for these calculations and 
the obtained results are presented in D’hoop et al. (2011).

Molecular marker analysis

DNA extraction was according to van der Beek et  al. 
(1992). DNA quality and concentration were visually 
examined using ethidiumbromide stained 1  % agarose 
gels. AFLP™ markers were generated according to Vos 
et al. (1995) using 26 EcoRI/MseI and 15 PstI/MseI primer 
combinations. Specifications about primer combinations, 
marker generation and processing can be found in D’hoop 
et al. (2010). With 53 primer pairs microsatellite peak pat-
terns were generated and allele dosage data were pursued 
(0, 1, 2, 3, 4) to boost marker use efficiency. SSR speci-
fications, the protocol used and the methodology applied 
to convert peak patterns into zygosity are given in D’hoop 
et  al. (2010). Positions were retrieved from the ultra-
dense potato map using the parental diploid genotypes 

Table 1   For 19 quality traits heritabilities were estimated

High heritabilities could be obtained during a single growing season 
in the academic panel, but multi-year-multi-location observations in 
the industrial panel showed lower heritabilities
a  Trait abbreviation is followed by indication of the storage duration 
of samples after harvesting, where November, February and April 
indicated the month in which samples were analysed. Samples were 
kept at storage temperatures of 4 or 8 °C
b  Non-enzymatic discolouration was evaluated 1 or 24  h after 
cooking

Trait Trait abbreviation Academic  
panel

Industrial  
panel

After baking  
darkeninga

ABD_Nov8c 0.68 0.48

ABD_Feb8c 0.77 0.33

ABD_Apr8c 0.71 0.38

ABD_Apr4c 0.53 0.45

ABD_24hNov8c 0.58 0.68

After cooking  
darkeningb

ACD_1 h 0.88 0.52

ACD_24 h 0.69 0.51

Flesh colour  
after cooking

CookColY 0.95 0.65

Cooking type Cooking Type 0.85 0.56

Enzymatic  
browning

EnzBrow_30 min 0.8 0.58

Flesh colour  
(fresh)

FleshColY 0.92 0.63

Frying coloura FryingCol_Nov8c 0.75 0.72

FryingCol_Feb8c 0.88 0.78

FryingCol_Apr8c 0.8 0.7

FryingCol_Apr4c 0.74 0.68

Maturity Maturity 0.85 0.85

Tuber shape Shape 0.9 0.74

Tuber size Size 0.79 0.52

Tuber specific  
gravity

Underwater  
weight

0.76 0.87
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SH83-92-488 and RH89-039-16 as internal references (van 
Os et al. 2006). For the SSRs also literature was consulted 
for map positions.

Association analysis

A detailed report on population structure is presented in 
D’hoop et al. (2010). Various methods for identifying pop-
ulation structure roughly resulted in the same six popula-
tion groups for our association panels, thereby indicating 
the necessity to account for genetic relationships in asso-
ciation analyses, to preclude false positives. We estimated 
a marker based genetic relatedness matrix that could 
effectively structure the variance–covariance matrix of the 
random genotypic effects, thereby following not only the 
approach of Malosetti et al. (2007), but also those of Kang 
et al. (2008) and Zhao et al. (2007a, b).

GenStat, 11th edition (VSN International Ltd., Oxford, 
UK) was used as software environment. We opted for a 
two-step association approach. First, random genotypic 
main effects, i.e. Best Linear Unbiased Predictors (BLUPs), 
were computed for both panels. Because the trait herit-
abilities of the two locations looked similar and because 
the phenotypic dataset was balanced, the academic panel 
allowed investigating both the average, consistent expres-
sion of traits and the differential expression, or the geno-
type-by-environment interaction (GEI). Taking the aver-
age of the genotypic main effects across both locations we 
studied consistent QTL expression, whereas the difference 
between the genotypic main effects across the two loca-
tions served to detect loci influenced by GEI. See D’hoop 
et al. (2011) for further details about the phenotypic analy-
sis. Second, association analysis was performed with the 
BLUPs as entry values.

Three marker sets were designed: (1) a “mapped” set 
of 720 AFLPs, (2) a “comprehensive” set of 3364 AFLPs 
including AFLP markers without known map loca-
tion, and (3) a set of 53 SSRs. We used normalised log-
transformed band intensities for AFLPs and allele dos-
ages for SSRs. Two association models were constructed 
and applied to each association panel. A “baseline” 
model: Response  =  Marker  +  error, and an “advanced” 
model where we do correct for population structure: 
Response  =  Marker  +  Genotype  +  error. In both mod-
els the random term Response refers to the set of BLUPs 
and the fixed term Marker to AFLP or SSR information. 
The random term Genotype is introduced in the advanced 
model to enable the variance–covariance matrix for the 
genotypic effects to be structured by a genetic related-
ness matrix. This matrix was calculated for each associa-
tion panel, specific for the included genotypes, using cor-
relations between normalised log-transformed AFLP band 
intensities. We used the Wald test to assess significance of 

the marker–trait associations (Verbeke and Molenberghs 
2000). In the results section, we only considered the asso-
ciations that were obtained with a −10logP > 3.

It is common practice in potato breeding to physically 
separate cultivars in field trials into three maturity classes: 
early, main crop and late. In D’hoop et  al. (2011) it was 
demonstrated that the estimated BLUPs for the traits matu-
rity and underwater weight were influenced by the correc-
tion for maturity class during phenotypic analysis. Because 
we used these BLUPs as input for association analysis, we 
foresaw a carry-over to the association results. To evaluate 
this possibility, we also used BLUPs obtained with a model 
without maturity class correction, as described in D’hoop 
et al. (2011).

Results

Phenotypic analysis

The academic panel contained 15,580 phenotypic observa-
tions regarding 19 agro-morphological and quality traits 
on 205 cultivars. These data were collected in a single 
year in a balanced replicated field trial on two soil types. 
For the same 19 traits 73,968 observations were collected 
by commercial breeders on 299 cultivars that belonged to 
the industrial panel. These data were collected across many 
years and locations, but were highly unbalanced. Breeders 
differentiate between market niches and, therefore, geno-
typic effects in the industrial panel were for some traits 
based on strongly different numbers of trials. For example 
starch cultivars were not evaluated for cooking properties 
or processing quality.

Our study takes full advantage of the clonal reproduc-
tion of potato genotypes, which allows replicated trait 
observations during a single growing season on different 
soil types, as well as observations across years in the aca-
demic and industrial panel, respectively. As a consequence, 
the environmental noise can be controlled and allowed to 
obtain strikingly high heritabilities using the academic 
panel, ranging from 53 to 95  % (Table  1). The industrial 
panel yielded lower heritabilities 33 to 87 %.

Molecular marker analysis

The potato genotypes of both association panels have 
been analysed with 41 AFLP primer combinations which 
resulted in 3364 AFLP fragments of which signal intensi-
ties were scored (the “comprehensive” set, see M&M). 
Variation in AFLP signal intensity can reflect zygosity 
polymorphisms with allele dosages ranging from Aaaa 
(simplex) to AAAA (quadruplex) (D’hoop et  al. 2008). 
Genetic positions on the ultra-dense AFLP map of potato 
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(van Os et al. 2006) could be assigned to 720 out of these 
3364 AFLP markers (the “mapped” set, see M&M). The 
remaining 2,644 fragments, only polymorphic in the gen-
otypes of the association panels, but not in our mapping 
population, suggest that the number of haplotypes in the 
tetraploid potato germplasm is two- to threefold larger than 
the four alleles from the two diploid parents of this link-
age map. Indeed resequencing of candidate genes in these 
genotypes showed the presence of 9 to 11 alleles per locus 
(Wolters et al. 2010). Similarly, SSR analysis of the potato 
genotypes led to the detection of 653 alleles from 53 SSR 
markers.

Association analysis

We restrict the main story line to the findings with the aca-
demic panel and the AFLP markers. The association results 
obtained with the industrial panel, the SSRs and the find-
ings related to the impact of maturity class correction on 
association results are addressed in the discussion section.

Using the mapped AFLPs, the baseline model (see 
M&M) detected 161 associations for the academic panel. 
The advanced model (see M&M) reduced this number to 
43 (Table 2). Figure 1 displays the associated loci detected 
with the advanced model along the potato genome. Tables 
S1 and S2 present details such as the −log10p value, the 
map position and the marker name of detected associations 
with the mapped set, respectively, for the academic and 
industrial panel. With the comprehensive marker set, the 
baseline model resulted in 701 marker–trait associations 
for the academic panel. The advanced model scaled this 
number down to 157 (Table 3). Tables S3 and S4 provide 
detailed information like −log10p value and marker name 
on found associations with the comprehensive set, for the 
academic and industrial panel, respectively.

Table 3 illustrates that with a more stringent significance 
threshold, the number of associations drops accordingly 
and that population structure correction reduces association 
numbers in a consistent manner, irrespective of significance 
threshold.

Correlated traits

Correlations between traits were calculated for both asso-
ciation panels (D’hoop et  al. 2011). In short, across traits 
ABD correlates with ACD. Plant maturity correlates with 
underwater weight, and both correlate with Cooking Type 
and ABD and ACD. Within traits the various assays at dif-
ferent time points will correlate. These correlations are 
presented in Table 4. Due to trait by trait correlations, we 
anticipate to observe the same markers involved in marker–
trait associations, suggesting shared QTL. Table 2 already 
lists associated loci between some traits within and across 

association panels, suggesting trait relationships. Table  4 
explicitly quantifies the shared marker–trait associations 
for the comprehensive AFLP set for trait sets that appeared 
correlated.

Physiologically correlated traits like maturity type, 
underwater weight and cooking type were expected to show 
a considerable number of shared QTL. Surprisingly, with 
the advanced model no shared associations could be dis-
cerned (Tables 2, 3, and 4). But, when inspecting the results 
obtained with the baseline model, almost all marker–trait 
associations detected for maturity and cooking type were 
found shared with underwater weight (Table 4, Tables S1 
to S4).

Traits with a similar underlying process appeared corre-
lated as well. Flesh colour and cooking colour, both visu-
ally measuring carotenoid contents in tuber tissue, shared a 
QTL on chromosome 1 (8.8–9.2 cM) and on chromosome 
3 at 31.5 cM (Table 2). A higher number of shared associa-
tions appeared with the baseline model (Table 4, Tables S1 
to S4).

Other phenotypes were correlated because they repre-
sent repeated measurements of the same trait following dif-
ferent storage regimes. As shown in Table 2, the frying col-
our traits measured in April shared a QTL on chromosome 
9 (15.8–16.6  cM), and those ones measured after storage 
at 8  °C shared a locus on chromosome 2 (3.7  cM). ABD 
traits were associated with the same QTL on chromosome 
3 (31.5 cM) and 4 (27.5 cM), but no QTL was shared by all 
different ABD measurements. The detected QTL for after 
cooking darkening (ACD) on chromosome 3 at 56.5  cM 
and chromosome 11 at 35.5 cM could be linked with QTL 
for after baking darkening (ABD) on chromosome 3 at 
31.5  cM and chromosome 11 at 44.6  cM. The ABD and 
ACD QTL mapped close by on chromosome 3, although 
not within the predicted LD decay range (D’hoop et  al. 
2010). Correction for population structure did not influence 
the identification of common QTL for processing quality 
traits. But trait by trait relationships are more obvious when 
the results of the baseline model are examined (Table  4, 
Tables S1 to S4).

Genotype‑by‑environment QTL

We identified genotype-by-environment interactions (GEI) 
for the academic panel using the difference between trait 
values as assessed under clay and sand conditions. In total, 
26 GEI QTL were detected with the baseline model using 
the mapped AFLP set (Table 5). Population structure cor-
rection reduced the number of associated QTL to 21, a sim-
ilar trend as observed for the main effect QTL (Table 5).

The number of GEI QTL was far lower than the number 
of main effect QTL (26 versus 161, Table 5). In four cases 
the QTL associated with a GEI were identical or equivalent 
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to QTL associated with main effects (Table 5). ABD had a 
GEI QTL on chromosome 3 at 29.5 cM (−10logp = 3.4) 
and a main effect QTL at 31.5  cM (−10logp  =  7.1). 
Because the main effect QTL had a much higher −10logp, 
the effect due to soil type seemed negligible. A second 
example for ABD was found on chromosome 11 at 44.6 cM 
where a main effect QTL (−10logp  =  5.1) and a GEI 
QTL (−10logp = 3.8) reside. For flesh colour we found a 
locus on chromosome 9 at 16.6  cM with −10logp of 3.1 
for the main effect versus 3.2 for the GEI QTL, indicating 
that this QTL should be explained only as a genotype-by-
location interaction. Likewise, cooking colour had a main 
effect QTL on chromosome 8 (11.8 cM) in the proximity 
of a GEI QTL at 25 cM. For the ABD traits GEI QTL were 
expected because during phenotypic analysis, the estimated 
variance component for GEI was high in comparison with 
the genetic variance component (D’hoop et al. 2011). Simi-
larly, the absence of GEI QTL for frying colour traits neatly 
matches with their observed variance components for GEI 
and main effect following phenotypic analysis (D’hoop 
et al. 2011).

Discussion

We conclude that phenotypic and marker data observed in 
205 tetraploid potato cultivars (academic panel) are a valu-
able dataset which allowed the detection of highly signifi-
cant marker–trait associations which should allow fixation 
of beneficial alleles in marker-assisted potato breeding. 
Trait by trait correlations anticipated through preceding 
phenotypic analysis and background knowledge were con-
firmed by shared marker–trait associations. Population 
structure correction had a severe diminishing effect on 
the number of detected associations. Most likely not all 
removed associations were false positives. Genotype-by-
environment interactions were found leading to a more 
accurate evaluation of coinciding main effect QTL. Our 
obtained results appear robust and reliable because of the 
consistent detection of marker–trait associations across 
datasets (see discussion) and will likely have impact on 
current day breeding practices.

Industrial panel versus academic panel

One of the major advantages of GWAS compared with 
conventional QTL mapping using full-sib offspring is that 
it can be applied to panels with prior availability of phe-
notyping data. Most potato genotypes have been tested 
for many years on many locations during clonal selec-
tion and in international variety trials by commercial 
breeding companies. Therefore, it is interesting to com-
pare the single-year academic panel with the vast amount 

of phenotypic data in the industrial panel. In Table  1 it 
is shown that almost without exception the heritabilities 
for the industrial panel dropped by ten to forty per cent. 
More locations and years of testing the industrial panel 
is expected to improve the predictions of genotypic trait 
values. However, there are more differences in variance 
analysis and experimental design between the academic 
and industrial panel (D’hoop et al. 2011) that may explain 
the lower heritabilities observed in the industrial panel. 
The academic panel included a more diverse sample of 
the potato gene pool, including heirloom and non-Dutch 
cultivars. Furthermore, the academic panel was planted 
in such a way that cultivars of similar maturity classes 
were in the same blocks, to avoid interactions (shading) 
between early and taller late cultivars. The wider diversity 
and the maturity correction are considered as the main 
causes of the higher heritabilities observed in the aca-
demic panel.

The industrial panel reflected similar trends in asso-
ciation numbers as observed with the academic panel. 
With the comprehensive set 2875 associations have been 
detected of which 437 associations had a known map loca-
tion. Population structure correction scaled these numbers 
down to 150 and 24, respectively (Tables 2 and 3). Similar 
trait relationships appeared using the industrial panel, but 
when considering the advanced model they were somewhat 
less abundant (Table 4). This was partly attributable to the 
more severe effect of population structure correction within 
this panel.

Population structure correction had an equally lower-
ing effect on the number of reported associations with SSR 
data as it had with AFLPs. For the academic panel num-
bers went down from 15 to 11, and for the industrial panel 
from 99 to 13 (Table S5). The SSR results also revealed 
trait relationships within each panel. A shared locus for 
ABD traits was found on chromosome 4 (STI012) with 
the academic panel, but this was not the case in the indus-
trial panel. On chromosome 8 a shared locus for ABD and 
ACD traits was identified with the industrial panel (Table 
S5), but not in the academic panel. Differences between the 
detected QTL across both panels could be due to different 
genotype sets, and furthermore, the tubers for phenotyping 
were derived from different field trials and subjected to dif-
ferent storage regimes or treatments. Therefore, complete 
congruence between ABD and ACD QTL or panels is not 
expected.

Considerably more marker–trait associations were 
detected in the industrial panel using the baseline model, 
irrespective of the marker set used. However, this difference 
in the number of marker–trait associations between the 
panels vanished or even reverted upon correction for popu-
lation structure (Tables 2, 3 and S5). These initially inflated 
numbers of associations in the industrial panel were most 
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likely due to (1) closer relatedness of recent cultivars pre-
sent in the industrial panel and (2) breeding for different 
market niches in the past decades caused a diversification 

in gene pools from breeding companies, reflecting addi-
tional phenotypic variation—at least for some traits—con-
tained in the industrial panel (D’hoop et al. 2011).

Fig. 1   Genome-wide distribution of QTL detected with the advanced 
model. Borders of QTL loci were indicated by adding or subtracting the 
estimated overall LD decay of 5 cM (D’hoop et al. 2010) to the associ-

ated marker positions. QTL in black were obtained with the academic 
panel, QTL in red with the industrial panel (colour figure online)
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At first sight, only very few identically associated loci 
could be discerned between traits in both panels (Table 2). 
Only FleshColY with a locus on chromosome 6 at 38.5 cM 
and FryingCol_Apr8c and FryingCol_Apr4c (chromosome 
9:15.8–16.6  cM) showed coinciding or closely coinciding 
loci. But this lack of correspondence was mainly artificial 
because we only listed mapped loci that were retained after 
correction for population structure. The results obtained 
with the baseline model and the comprehensive AFLP set 
showed much more consistency between both panels. The 
majority of the associations detected for traits with high 
heritabilities (Table  1) were found shared between both 

panels albeit with varying p values (Tables S3 and S4). The 
baseline results obtained with the mapped set confirmed 
this trend (Tables S1 and S2). The SSRs did not allow simi-
lar observations because very little associated loci were 
detected.

Population structure correction

Population structure correction had a severe deflating effect 
on numbers of associations (Tables 2, 3, 4, 5, 6, and 6, Tables 
S1 to S4). As expected, the most significant associations 
found with the baseline model reappeared with the advanced 

Fig. 1   continued
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model, usually with a less significant p value (Tables S1 to 
S4). The marker–trait associations that were discarded or 
dropped below a predefined significance threshold, e.g. 
p ≤ 0.001, when correcting for population structure are not 
necessarily meaningless. Consequently, QTL obtained with 
a baseline model as opposed to an advanced model require a 
careful inspection of a subset of associations with the highest 
explained variance and significance threshold.

In exceptional cases new associations can appear upon 
population structure correction. This was observed in 25 
cases for the academic panel and in 23 cases for the indus-
trial panel (Tables S3 and S4). Exactly 93.8  % of these 
“new” associations were detected with the baseline model 
at a less stringent significance threshold of p ≤ 0.05. The 
remainder of the “new” associations were never observed 
as significant before and illustrate the need to inspect newly 
identified associations equally carefully.

The importance of maturity

Phenotypic variation for certain traits is often not independ-
ent. In Arabidopsis it has been observed that a large number 
of QTL co-localize on chromosome 2 (Alonso-Blanco et al. 

1999) because of an overarching, pleiotropic effect of the 
erecta locus affecting many other phenotypes (van Zanten 
et al. 2009). The same effect is caused by dwarfing or short 
straw genes in many cereal crops (Thomas et al. 1995). In 
potato it is commonly known that plant maturity, local-
ized on the short arm of chromosome 5, has an overarching 
effect on many phenotypes such as yield, starch yield, as 
measured by underwater weight, as well as cooking type 
which in turn is caused by tuber starch content. However, 
our results did not show an association accumulation on 
chromosome 5. The maturity locus on chromosome 5 did 
not even remain significant when the advanced model was 
applied (Table 2). There are two factors that play a role in 
this.

First, in potato field trials it is common practice to plant 
cultivars separated into blocks according to their maturity 
class. In D’hoop et  al. (2011) it was shown that maturity 
class correction during phenotypic analysis influences 
the estimation of genotypic main effects and GEI effects 
of phenotypic traits. Because these effects were used as 
response values in the association models, we anticipated 
some influence on association results. With a model with-
out maturity class correction the 19 phenotypes of the 

Fig. 1   continued
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Table 4   Overview of shared marker–trait associations between different sets of traits, found with the comprehensive marker set

Left side academic panel, right side industrial panel. Across models presents numbers of shared associations irrespective of the used model. The 
genetic correlations between trait sets, obtained during phenotypic analysis are provided as well

Traits Number of shared marker–trait associa-
tions (p ≤ 0.001) academic panel, only 
main effect

Genetic correlation 
between traits derived 
from phenotypic 
analysis

Number of shared marker–trait associa-
tions (p ≤ 0.001) industrial panel

Genetic correlation 
between traits derived 
from phenotypic 
analysis

Baseline Advanced Across models Baseline Advanced Across models

ABD traits 35 4 14 0.5 52 4 15 0.57

ACD traits 2 1 2 0.77 0 0 0 0.54

ABD and ACD traits 2 2 2 0.38 47 2 7 0.49

Frying colour traits 31 5 7 0.59 170 3 13 0.73

FleshColY and  
CookingColY

12 1 7 0.6 19 0 4 0.86

Maturity and  
underwater weight

14 0 0 −0.34 351 0 8 −0.36

Maturity and cooking 
type

4 0 0 −0.37 36 0 2 −0.38

Cooking type and 
underwater weight

16 1 6 0.52 80 2 9 0.83

Maturity, cooking 
type and underwater 
weight

1 0 0 0.41 36 0 2 0.52

Table 5   Association results obtained with the academic panel and the mapped set with special attention to GEI QTL

On the left side the main effect QTL are reported, on the right the GEI QTL. Chromosomal positions are provided for associations found with 
the advanced model

Trait Number of associated loci with p ≤ 0.001 for the academic panel: 
main effect QTL

Number of associated loci with p ≤ 0.001 for the 
academic panel: GEI QTL

Baseline Advanced Chromosome (cM) Baseline Advanced Chromosome (cM)

ABD_Nov8c 6 1 4 (27.5) 0 0 –

ABD_Feb8c 5 1 3 (31.5) 1 1 3 (29.5)

ABD_Apr8c 10 5 3 (31.5), 4 (0), 9 (15.8), 11 (19.4, 44.6) 2 3 6 (15.2), 11 (44.6), 12 (43.6)

ABD_Apr4c 5 3 1 (67.2), 9 (59.6), 10 (65.6) 0 0 –

ABD_24hNov8c 5 1 4 (27.5) 1 1 10 (0)

ACD_1 h 8 2 3 (56.5), 11 (35.5) 1 1 12 (43.6)

ACD_24 h 0 0 – 0 0 –

CookColY 20 3 1 (9.2), 3 (31.5),
8 (11.8)

1 1 8 (25)

Cooking Type 5 2 2 (2.3), 11 (35.5) 1 1 10 (36.4)

EnzBrow_30 min 4 3 5 (36.4, 37.2), 6 (10.7) 1 1 1 (24.9)

FleshColY 12 5 1 (8.8), 5 (8.5), 6 (38.5), 9 (16.6), 12 (8.8) 5 2 9 (16.6), 10 (14.1)

FryingCol_Nov8c 7 0 – 1 1 6 (15.2)

FryingCol_Feb8c 10 2 2 (3.7, 8.4) 0 0 –

FryingCol_Apr8c 9 7 1 (43.8), 2 (3.7),
4 (19.7), 5 (31.3),
6 (51.8), 9 (15.8, 6.6)

0 0 –

FryingCol_Apr4c 5 1 9 (16.6) 0 0 –

Maturity 10 2 1 (74.9), 3 (44) 3 1 4 (22.8)

Shape 10 4 2 (3.7), 10 (0),
11 (3.8), 12 (39.8)

2 2 1 (24.9), 7 (55.3)

Size 4 1 8 (75.5) 4 4 2 (0.8), 10 (35, 59.5), 12 (3.1)

Underwater weight 26 0 – 3 2 7 (56.5), 12 (46.6)
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academic panel were reanalysed and the resulting BLUPs 
used as input for association mapping. In Table 6 the effect 
of maturity class correction on the association results is 
quantified. The two most affected traits during phenotypic 
analysis (D’hoop et  al. 2011), maturity and underwater 
weight, also appeared heavily affected in association analy-
sis (Table 6). The number of detected associations with the 
baseline model increased for maturity from 30 to 85 and for 
underwater weight from 152 to 201. For most of the other 
traits an increasing effect in detected associations could 
be discerned as well, but not so strong and only effective 
for the baseline model. These findings demonstrate that 
we effectively removed maturity class variation from the 
estimated genetic variance components of nearly all phe-
notypes during phenotypic analysis (D’hoop et  al. 2011), 
enabling the identification of marker–trait associations not 
coinciding with the maturity locus.

Maturity class correction removed the majority of the 
maturity type differences between cultivars during phe-
notypic analysis, but the baseline model still detected one 
marker–trait association for maturity on chromosome 5 for 
the academic panel (Table S1). Following population struc-
ture correction this association became insignificant. As 
such, population structure was the second factor leading to 

the absence of chromosome 5 QTL for maturity. Also with 
the industrial panel where no maturity class correction was 
applied during phenotypic analysis, population structure 
correction made all chromosome 5 associations for matu-
rity non-significant (Table S2). In D’hoop et al. (2010) we 
showed that population structure mainly coincided with 
underwater weight differences between subgroups in our 
association panels and because an earlier maturity type 
is negatively correlated with a higher underwater weight 
(Table 4) also indirectly with maturity type differences.

Trait–trait correlations and pleiotropic effects

For the majority of traits for which shared marker–trait 
associations were observed a plausible explanation can be 
given. The genetic correlations between quality and agro-
morphological traits estimated during phenotypic analysis 
seemed indeed high, i.e. well above r = 0.3 (Table 4), but 
these correlations can be explained from common underly-
ing biological mechanisms and processes. Concerning qual-
ity traits, common marker–trait associations were predictable 
for the ABD traits and the frying colour traits. These two 
trait sets measured exactly the same discolouration type fol-
lowing exactly the same protocol; the only difference lay in 

Table 6   Effect of maturity class correction during phenotypic analysis on the number of detected associations for the academic panel, using the 
comprehensive set

Trait Number of loci (p ≤ 0.001) with  
maturity class correction

Number of loci (p ≤ 0.001) without  
maturity class correction

Baseline Advanced Baseline persistent  
in advanced

Baseline Advanced Baseline persistent  
in advanced

ABD_Nov8c 24 3 2 27 5 1

ABD_Feb8c 29 5 5 41 6 4

ABD_Apr8c 26 11 7 34 5 3

ABD_Apr4c 7 6 5 3 9 1

ABD_24hNov8c 38 10 9 36 6 3

ACD_1 h 49 13 13 70 8 4

ACD_24 h 9 8 8 49 6 3

CookColY 66 14 10 71 19 3

Cooking Type 38 12 11 38 5 3

EnzBrow_30 min 14 7 6 23 8 3

FleshColY 28 12 11 27 2 1

FryingCol_Nov8c 27 5 3 31 7 2

FryingCol_Feb8c 48 5 3 74 8 4

FryingCol_Apr8c 33 14 8 48 5 3

FryingCol_Apr4c 24 5 5 31 4 1

Maturity 30 7 6 85 3 3

Shape 48 12 11 52 6 4

Size 11 4 4 36 4 0

Underwater weight 152 4 4 201 2 2

Total 701 157 131 977 108 48
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the storage specifications. Likewise, the shared associations 
between ABD and ACD traits were reasonable since both 
observed a similar discolouration process. Shared QTL for 
flesh colour and cooking colour were equally expected: both 
visually measured carotenoids in tuber tissue, but separated 
by one processing step. The shared loci between maturity 
and underwater weight or cooking type are due to a physi-
ological correlation. Cultivars displaying late maturity can 
accumulate more starch and thus a higher underwater weight. 
Recently, the major effect QTL on chromosome 5 for plant 
maturity StCDF was cloned (Kloosterman et al. 2013), and 
it seems that associations reported here point to minor effect 
QTL, but are most likely false positives. This explains that in 
Table 4 no shared markers were identified between Matury 
and Underwater Weight or Cooking Type in the academic 
panel, whereas shared QTL in the industrial panel could be 
due to an insufficient correction for population structure in 
this highly structured material. Higher underwater weight 
correlates with a more sloughing cooking type. Both traits 
are under more polygenic control. Therefore, more marker 
associations are shared between these traits Table 4, which 
could lie in or in the vicinity of, or are in high LD with can-
didate genes that have pleiotropic effects on these traits.

ABD and ACD traits collectively point to a QTL on 
chromosome 3, where also flesh and cooking colour have 
marker–trait associations. This may point to a true QTL or 
to the inability to accurately phenotype these discoloura-
tion traits. It may be more difficult for the breeder’s eye to 
detect discolouration on an intense yellow background than 
on a white background. Accurate phenotyping methodolo-
gies, like the colorimetric method for ACD measurement 
proposed by Wang-Pruski and Nowak (2004), would likely 
improve the signal-to-noise ratio for discolouration traits.

Genotype‑by‑environment QTL

Ten GEI QTL for agro-morphological traits like underwa-
ter weight, shape, size, maturity and cooking type were 
found with the advanced model (Table 5). Location effects 
seemed credible for agro-morphological traits because soil 
can influence a cultivar’s performance. Also, the variance 
components for genotype-by-location interaction, estimated 
during phenotypic analysis, were not negligible for traits 
like size and underwater weight (D’hoop et al. 2011). Clay 
has a better water retaining capacity than sand which could 
lead to an environment favouring a later maturity class and 
thus a higher underwater weight and possibly a larger tuber 
size. Soil type can influence tuber shape: tubers are gener-
ally rounder in clay soil than in sandy soil. The effect of 
environment on cooking type can be seen as a result of its 
relationship with underwater weight. The six GEI QTL 
detected for quality traits (ACD, ABD, enzymatic brown-
ing and frying colour, see Table 5) were probably related 

to the exceptional summer during the growing season of 
2006. Abundant rain towards the end of the growing sea-
son followed a period of drought which resulted in second-
ary growth. Surprisingly, three GEI QTL were detected for 
yellowness of tuber flesh and cooked tuber tissue (Table 5). 
Abundant rainfall on sandy soil may have eroded hills, 
exposing tubers to sunlight which caused tuber greening. 
This tuber greening effect may have led to biased observa-
tions on flesh colour traits on the sandy soil.

Previous studies confirmed

In Table 2 our results are compared with traditional QTL 
mapping studies in potato at the diploid and tetraploid 
levels and with previous association studies. Many more 
previously reported QTL were confirmed, but here we dis-
cuss only the QTL that remained after population structure 
correction. For the ABD loci a clear overlap was revealed. 
In D’hoop et  al. (2008) chromosomes 3, 6 and 11 were 
equally found to be involved in ABD and for chromosome 
4 there was a perfect match at 27.5  cM. Several associa-
tions for ABD were detected on chromosome 1, but they 
did not all reside in the vicinity of previously reported 
QTL, except for the locus at 24.9  cM obtained with the 
industrial panel. Possibly, due to LD which extends farther 
than 12  cM on chromosome 1 (D’hoop et  al. 2010), the 
same haplotype may have been identified by the distantly 
located QTL on chromosome 1. A locus for ACD on chro-
mosome 11 (between 5 and 19 cM) has been described by 
Bradshaw et  al. (2008); perhaps the same haplotype was 
detected in our study with a QTL at 35.5 cM. Interestingly, 
our study detected a QTL on chromosome 11 (19.4 cM) for 
ABD. Since ABD and ACD measure similar discolouration 
processes we may have identified the same locus. The loci 
for cooking type on chromosomes 2 and 6 were in agree-
ment with our previous work (D’hoop et  al. 2008). Werij 
et al. (2007) combined candidate gene analysis with QTL 
and expression analysis and mapped enzymatic discol-
ouration on chromosome 1 between 32.7 and 46.6 cM. We 
found a QTL on the same chromosome at 56.5 cM. With 
an independent association panel marker–trait associations 
for enzymatic browning were reported on chromosome 1 as 
well (D’hoop et al. 2008). Sliwka et al. (2008) identified a 
flesh colour locus on the top of chromosome 12, whereas 
the classica Y-locus encoding beta-carotene hydroxylase 
(Chy2) resides on chromosome 3 (Bonierbale et al. 1988). 
Wolters et al. (2010) nicely illustrated that Chy2 allele 3 is 
in fact the key determinant for flesh colour, also in tetra-
ploid potato. Other flesh colour QTL were detected on 
chromosomes 1 and 6 (D’hoop et  al. 2008). We obtained 
flesh colour QTL on chromosomes 1, 3, 6 and 12 as well. 
The combined loci for Maillard discolouration (Frying col-
our) on chromosomes 1, 2, 6 and 7 have all been reported 



746	 Theor Appl Genet (2014) 127:731–748

1 3

before (Bradshaw et al. 2008; D’hoop et al. 2008; Menen-
dez et al. 2002), even with a perfect match on chromosome 
2 at 3.7 cM. As in our study, QTL for maturity have been 
observed on chromosome 3 (Visker et al. 2005) and chro-
mosome 1 (D’hoop et  al. 2008). We detected tuber shape 
QTL on chromosomes 2 (3.7 cM), 10 (0 cM), 11 (3.8 cM) 
and 12 (39.8 cM), similar to what has been found by Brad-
shaw et al. (2008), Sliwka et al. (2008) and D’hoop et al. 
(2008) for chromosome 2 and 11, and by Sørensen et  al. 
(2006) for chromosome 12. The Ro/ro locus on chromo-
some 10 was previously defined by van Eck et al. (1994a). 
Finally, the obtained QTL for underwater weight on chro-
mosome 2 was observed by Gebhardt et al. (2005) as well.

Underwater weight

To illustrate the impact of our association mapping results, 
we discuss one agronomically important trait in terms of 
explained variance: underwater weight. Underwater weight 
is a key determinant for the market niche of a cultivar, 
plays a central role in many processing quality traits (Haase 
2003) and appears significantly correlated with tuber yield 
(Maris 1969). Tables S3 and S4 show that in total 662 dif-
ferent marker–trait associations were found for underwater 
weight. Following rigorous filtering by allowing only for 
these associations that were identified with both associa-
tion panels, this number dropped to 126. When map loca-
tion pointed to two associated markers residing within 
1 cM of the genetic map of potato (van Os et al. 2006), we 
considered them as redundant and subsequently dropped 
the least significant marker. This brought the total down 
to 121. Likely, a big part of these associations may still 
be redundant, because we do not know the map position 
of all markers. To further exclude redundant associations 
we performed a forward selection strategy (Montgomery 
et al. 2001) to obtain a final QTL set. Two QTL sets were 
obtained and they explained 42 and 63 % of the total phe-
notypic variation for the academic and industrial panel, 
respectively. The academic set contained ten QTL of which 
three were in common with the 14 QTL obtained for the 
industrial panel. We are planning to re-sequence these QTL 
regions so that allele-specific markers can be developed for 
use in marker-assisted selection. Allele-specific markers 
could predict underwater weight performance at seedling 
stage and may allow a substantial increase in cultivar per-
formance for underwater weight.

Prospects

As this paper illustrates, genome-wide association map-
ping is a valuable tool to identify candidate trait loci for 
complex traits, also in a complex crop like potato. QTL 
that were repeatedly observed when analysing different 

association panels are surely candidate loci for further 
studies. If these loci would be confirmed with conven-
tional linkage mapping, their reliability would increase, 
and it would qualify them as candidate regions for in-
depth research. Extra confidence by linking expression or 
metabolite data to associations may be opportune prior to 
embarking into costly translational research, where one 
aims to translate identified QTL into easy accessible PCR 
markers, amenable to marker-assisted breeding (Klooster-
man et al. 2010).

Now that the potato genome sequence has been released 
(http://www.potatogenome.net/images/2/2e/PGSC_
Press_Release_0909.pdf), and more potato genotypes 
are planned to be sequenced in the near future (SOL-100, 
http://solgenomics.net/static_content/solanaceaeproject/
docs/SOL_newsletter_Mar_10.pdf), full haplotype infor-
mation on candidate regions will soon be available. This 
would allow an unambiguous assessment of diversity 
for particular regions in potato, next to detection of rare 
alleles that may have been missed. On the one hand this 
could lead to allele-specific sequence assisted breeding. 
On the other hand, genomic selection, which appeared 
extremely successful in animal breeding as reviewed 
recently by Goddard and Hayes (2009), may become fea-
sible as well.
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