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Abstract The first genetic linkage map of blackcurrant,

published by Brennan et al. (Euphytica 161:19–34, 2008),

identified regions where quantitative trait loci (QTLs) for

some important traits were located. The analysis was com-

plicated by the fact that the mapping population was found to

contain two subgroups, with segregation ratios consistent

with these being crossed and selfed offspring. The QTL

analysis was based on the trait mean over 3 years and

focused on the crossed offspring. Here we proposed a mixed

model multi-environment approach for this population. The

3 years are considered as three separate environments, the

data from both the selfed and crossed offspring are combined

and different residual terms are explored to model the cor-

relation between the years. This permits tests for interactions

between the QTLs, the year and the type of offspring (selfed

or crossed). This is applied to re-analyse two important traits,

anthocyanin concentration and budbreak. Several additional

QTLs were identified, some affecting the trait in both the

selfed and crossed offspring, others in just one.

Introduction

The cultivated blackcurrant (Ribes nigrum L.) is grown

throughout temperate areas of Europe and New Zealand,

and the fruit is valued for its high levels of ascorbic acid

and anthocyanins (Brennan 2008), particularly as a pro-

cessing crop for juice production. However, the fresh

market for blackcurrant is also increasing due to the per-

ceived health benefits associated with high antioxidant

capacity and polyphenolic content (Ghosh et al. 2007;

McDougall et al. 2008). The breeding of new cultivars

aims to select phenotypes with elevated levels of nutri-

tionally important compounds, but has also recently looked

to address emerging issues regarding the ability of some

cultivars to withstand increasingly mild winter tempera-

tures that are occurring more regularly as a result of cli-

mate change (Jones and Brennan 2009). The mild winters

can lead to erratic budbreak in some cultivars, due to non-

fulfillment of the relatively high chilling requirement of

blackcurrant bushes for dormancy break; this can ulti-

mately cause a reduction in fruit quality, including uni-

formity of ripeness which then affects anthocyanin content.

For both fruit quality and agronomic traits, whilst

significant diversity exists within the Ribes germplasm

available to breeders (Bordonaba and Terry 2008), the

phenotyping of breeding progenies can be a very lengthy

and therefore costly process. This is particularly true for

fruit quality-related traits, since blackcurrant plants take

2 years to produce any fruit and at least 3 years to come into

full cropping. As a result, the identification of QTLs for key

traits and the development of linked markers for deployment

in breeding programmes offer real opportunities to increase

breeding efficiency and accelerate cultivar development.

The first linkage map of blackcurrant was published by

Brennan et al. (2008); the analysis was complicated by the

discovery that the population used in the study had two distinct

subgroups of individuals, with segregation ratios consistent

with one subgroup being derived from a cross of the two par-

ents, and the other being derived by selfing. Information from

the two subgroups was combined to estimate the linkage map.
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The QTL mapping presented in Brennan et al. (2008)

focused on the crossed offspring, and used phenotypic trait

values that were calculated as the means over 3 years of

field trials. Marker-trait associations were explored for the

selfed offspring, but few associations were detected. This

analysis did not address the question of consistency of the

QTL effects over the years and between the crossed and

selfed offspring. In QTL studies it is important to know

whether the effect of a QTL is consistent over different

seasons, environments, etc. or whether there is differential

expression in different environments. In the latter case,

there may be environmental measurements that predict the

QTL expression. Significant environmental effects have

been noted in the levels of various fruit quality compo-

nents, including vitamin C (Brennan and Graham 2009)

and anthocyanins (Jenkins 2008).

Several authors have addressed the question of QTL 9

environment interactions using extensions to interval

mapping (Jansen et al. 1995; Tinker and Mather 1995; Jiang

and Zeng 1995). Knott and Haley (2000) and Hackett

et al. (2001) have used approaches based on multivariate

regression and Romagosa et al. (1996) used an additive

main effects and multiplicative interaction (AMMI) model.

Mixed models provide a particularly flexible way to

model QTL 9 environment interactions. The general use

of these in crop experiments has been reviewed by Piepho

et al. (2003) and Smith et al. (2005). Mixed models can be

used to combine data over different environments and to

incorporate extra terms such as spatial effects. They can

model heterogeneity in the residual variances in different

environments, and correlation between trait values across

environments. Piepho (2000) and Verbyla et al. (2003)

have used mixed models for QTL mapping, applying their

analyses to barley populations. Malosetti et al. (2004) focus

in particular on the formulation of the random terms for the

residual genetic effects not modelled by QTLs, and their

interaction with the environment. This work is extended to

multi-trait multi-environment models by Malosetti et al.

(2008), who apply it to maize.

In this paper, we have developed a mixed model approach

to combine the data from the selfed and crossed offspring, and

to model the year to year variation in more detail. This has

been applied to re-analyse two important traits in blackcur-

rant, anthocyanin concentration and budbreak.

Materials and methods

Mapping population

The mapping population is described in detail in Brennan

et al. (2008). It was designed as a F1 full-sib progeny

between diverse parents:

1. SCRI S36/1/100: a seed parent with commercially

acceptable fruit quality parameters including anthocya-

nin and vitamin C content, later budbreak and suscepti-

bility to gall mite (Cecidophyopsis ribis).

2. EMRS B1834: a pollen parent with lower fruit quality,

earlier budbreak and resistance to gall mite.

One hundred and twenty-five individuals were raised

from these parents and grown in an unreplicated trial at

SCRI using standard agronomic practises. Fruit samples

(500 g) were hand harvested from individual 2-year-old

plants in three consecutive years (2001–2003). Juice was

extracted with the addition of 2 ml pectinase using a blen-

der, after which the juice was filtered through Whatman No.

3 filter paper to remove particulate matter. Anthocyanin

content was then measured as absorbance at 515 nm (E515)

using a spectrophotometric method described by Taylor

(1989).

The date of budbreak was assessed over 2 years by

visual observations made twice weekly across the popula-

tion in the field at SCRI. Dates were converted into day

number for the year.

A total of 237 AFLP and SSR markers were scored on

the parents and offspring. As described in Brennan et al.

(2008), analysis of these markers showed that the offspring

formed two distinct clusters, containing 82 and 43 indi-

viduals. The larger group had segregation ratios consistent

with a full-sib population from the intended parents, while

the smaller group appeared to have been derived from

selfing. Additional SSR and SNP markers subsequent to the

initial publication of the linkage map were added to the

map following the approach of Brennan et al. (2008).

Statistical model

Here we propose a mixed model to combine the crossed

and selfed offspring, and to model correlations across the

3 years, and apply it to re-analyse phenotypic data on

anthocyanin content and budbreak.

The general form of the mixed model equation is

y ¼ Xbþ Zu

where y is a vector of length IJ containing the stacked trait

values for genotype i in year j, i = 1 ,…, I, j = 1 ,…, J,

b is a vector of fixed effects, X is the design matrix that

associates the trait values with the fixed effects, u is a

vector of random genetic by environmental (i.e. year)

effects and Z is the design matrix that associates trait values

with the random effects. The effects u are assumed to have

a N (0, G) distribution. Different forms of the variance–

covariance matrix G can be compared to establish which

model for genetic variances and correlations among years

represents the data best.
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The simplest model is G ¼ r2
GI, where I is an IJ 9 IJ

identity matrix. In this case, all genetic effects are inde-

pendent and identically distributed (iid). This is unlikely to

be realistic, as the performance of genotypes in different

years is expected to be correlated. The most complicated

model is to fit a completely unstructured model for G, with

any correlation possible between any pairs of observations.

However, there are too many parameters to estimate in this

case. Instead, G can be resolved as a direct product of two

factors, genotype and year: G ¼ Gg � Gy. We compare

four direct product models (Table 1). In the first three, the

genotype effects are assumed to be iid. In model I, the

year effects are also assumed to be iid, so this is equiv-

alent to the simplest model above. In model II, the year

effects are modelled using a diagonal variance–covari-

ance matrix, so that different years can have different

variances, but the effects are uncorrelated. In model III,

the year effects are modelled by an unstructured matrix to

allow for correlation among the years. In model IV, the

year effects are again modelled by an unstructured matrix

but the genotypes are modelled as separate terms for the

crossed and selfed offspring, so that these can have dif-

ferent variances.

Initially, the fixed terms in the model are year, type (i.e.

crossed or selfed) and the interaction between these. This

model was used to choose the best structure for G, com-

paring the deviances by a likelihood ratio test. Once a

suitable model for G was identified, each molecular marker

was included in the model in turn as a factor. The markers

were tested for a significant main effect, or a significant

interaction with year or type, using an approximate F test.

To avoid issues of multiple testing, only marker effects

with significance p \ 0.001 are reported.

All mixed models were fitted using REML in Genstat 12

for Windows (Genstat 2009).

Results

Linkage map

Figure 1 shows the updated linkage map, derived for each

parent separately. Markers that segregate in both parents,

linking the maps, are underlined. The order of the linking

markers is not always consistent between the two parents,

probably due to the fairly small size of the population.

Because of this, marker genotypes were used as explana-

tory factors in the mixed model rather than infer QTL

genotypes along a grid as Malosetti et al. (2004) and others

have done.

Analysis of anthocyanin concentration

Table 1 compares the different models for the genetic

variance for anthocyanin content, assessed as E515. A

diagonal matrix of year effects (allowing different vari-

ances in different years) was significantly better than an iid

model (p \ 0.001), and an unstructured model allowing

correlations between years was significantly better than the

diagonal model (p \ 0.001). The separation of the selfed

and crossed offspring was not significant. We therefore

used model III for analysis including markers. In model III

there was a significant interaction between the year and

the type (p = 0.002). The mean anthocyanin content of the

crossed lines was significantly higher than that for the

selfed lines, especially in the third year, with mean dif-

ferences of 0.062, 0.069 and 0.186 (average standard error

of difference 0.031), respectively.

No markers were identified as significantly associated at

a level p \ 0.001 with this trait using the approach of

Brennan et al. (2008). Using the mixed model analysis, the

most significant marker was E40M39-125 on chromosome

6, from the female parent, which was significant with

p \ 0.001. There were no significant interactions between

this marker and year or type. Offspring with this marker

had a mean anthocyanin concentration 0.073 (standard

error (SE) 0.024) lower than offspring without the marker.

Marker E45M58-334 on chromosome 3, a 3:1 marker

segregating in both parents, also had a significant main

effect (p = 0.001), with no interactions with year or type.

Offspring with this marker had a mean anthocyanin con-

centration 0.075 (SE 0.027) higher than offspring without

the marker. A 3:1 marker on chromosome 4, E45M40-97,

showed a significant interaction (p \ 0.001) with type;

selfed offspring with this marker had a mean anthocyanin

concentration 0.082 (SE 0.042) higher than those without

it, while crossed offspring with the marker had a mean

anthocyanin concentration 0.111 (SE 0.034) lower than

those without it. Linked markers from the female parent

showed a similar, but less significant, relationship.

Table 1 Comparison of genetic models for anthocyanin concentra-

tion E515 and budbreak BB

Trait Model Gg Gy Deviance LRS df Sig.

E515 I id id -778.04

II id diag -791.27 13.23 2 \0.001

III id unstr -813.56 22.29 3 \0.001

IV Cross ? self unstr -824.26 10.70 6 0.098

BB I id id 821.47

II id diag 816.39 5.08 1 0.024

III id unstr 802.50 13.89 1 \0.001

IV Cross ? self unstr 800.00 2.50 3 0.475

Gg and Gy are the variance–covariance matrices for the genotype and

year effects, LRS is the likelihood ratio test statistic (equal to the

change in deviance), df degrees of freedom and Sig. significance. id,

diag and unstr indicate identity, diagonal and unstructured matrices
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The analysis of markers from the male parent was based

on the crossed offspring only, as these do not segregate in

the selfed offspring. The most significant marker was

E40M39-149 on chromosome 5. For this marker the main

effect was significant with p \ 0.001, but there was a

significant interaction with year (p = 0.014): the presence

of the marker was associated with an increase in mean

anthocyanin content in each year but the size of the effect

differed, being 0.105 (SE 0.032), 0.199 (SE 0.040) and

0.053 (SE 0.041) in years 1, 2 and 3, respectively.

The regions with significant associations with anthocy-

anin content are shown on the linkage map in Fig. 1.

Analysis of budbreak

The analysis of budbreak was similar, but based on

2 years data. Again, the unstructured model for the year

effects was significantly better than simpler models

(p \ 0.001) but there was no significant improvement by

a separation of the selfed and crossed genotypes. In

model III there was a significant interaction between the

year and the type (p = 0.002). Budbreak was significantly

earlier in 2003 than in 2002 for both selfed and crossed

individuals (p \ 0.001) due to differences in environ-

mental conditions. Although the total overall chilling

units (hours below 7�C) between October and the end of

March were fairly similar in both years, chilling units in

the early part of the winter were significantly higher in

2002–2003 than 2001–2002. In 2002, the crossed plants

flowered significantly later than the selfs (mean differ-

ence 3.1 days, SE 1.00) but in 2003 the types were not

significantly different.

The analysis of Brennan et al. (2008), based on the

mean over years, found that marker E40M43-220 on

chromosome 3 was most significantly associated with

budbreak in the crossed individuals. It also found an

association with markers from chromosome 8. This

analysis confirmed these associations as significant

(p \ 0.001), and showed that there were no significant

interactions between these markers and year or type.

Offspring with the E40M43-220 marker showed budbreak

with a mean date 3.6 days (SE 0.93) earlier than offspring

without this marker. Offspring with the marker E40M60-

157 on chromosome 8 showed budbreak with a mean date

2.1 days (SE 0.84) earlier than those without. An addi-

tional significant marker was also detected, E35M55-128

on chromosome 4 (p \ 0.001). Again this showed no

interactions with year or type. Offspring with this marker

showed budbreak with a mean date 2.1 days (SE 0.89)

later than offspring without it. All of these markers are

segregating in the female parent only.

The regions with significant associations with budbreak

are shown on the linkage map in Fig. 1.

Discussion

The use of markers in woody plant breeding programmes is

of increasing interest and importance, since the timescales

involved in the phenotyping of many key traits are suffi-

ciently long that the use of markers can have a major

impact on the programme’s efficiency and cost. In black-

currant, a PCR-based marker linked to a resistance gene

effective against gall mite (Cecidophyopsis ribis) is already

routinely used in the blackcurrant breeding programme at

SCRI (Brennan et al. 2009) to identify resistant germplasm,

but there is a growing need for markers linked to more

complex traits, particularly those relating to fruit quality

and sustainability of production. The present study offers

the opportunity to assess large numbers of seedlings within

an active breeding programme for fruit quality and devel-

opmental traits that are crucial to their eventual potential as

commercially viable cultivars, through the use of linked

markers. If the markers are sufficiently robust, additional

benefits to this approach will be a reduction in selection

time by at least 2 years.

The analysis using a mixed model identified several

markers that were significantly associated with anthocya-

nin content and budbreak, most of which were not signif-

icant using a simpler analysis. The mixed model also tests

these markers for interactions with the environment. Gen-

erally there was no significant interaction with the envi-

ronment, suggesting that these markers are good candidates

for use in marker-assisted selection for these traits, which

are both known to be affected by environment (Jones and

Brennan 2009; Jenkins 2008).

The mixed model structure is extremely flexible for

representing correlations among different environments. It

also permits more complicated population structures than

the well-established biparental populations for QTL map-

ping, such as the combination of crossed and selfed off-

spring in this experiment. Mixed models have also been

used in association mapping populations, using random

genotype effects to model the degree of relatedness based

on either pedigree data (for example, Malosetti et al. 2007)

or marker data (for example, Yu et al. 2006; Stich et al.

2008). Another possible population structure is that of

multiple related biparental populations. Bink et al. (2002)

used a Bayesian model incorporating pedigree information

to analyse six related crosses in potato with 46–80

Fig. 1 Linkage map for the two parents separately. P1 is the seed

parent SCRI 36/1/100 and P2 is the pollen parent EMRS B1834.

Underlined markers segregate in both parents and provide a link

between the two maps. A, AA, AAA show significant main effects for

anthocyanin concentration, with p \ 0.05, \0.01 and \0.001, respec-

tively, and B, BB, BBB show significant effects for budbreak.

Significant interactions with type (cross or self) are shown as A*T,

etc. and significant interactions with year are shown as A*Y, etc

c
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individuals, while Arbelbide and Bernardo (2006) used a

mixed model to study 80 parentals and 373 inbreds from

158 F2 populations derived from these parents. These tools

allow a much broader approach to QTL mapping and a

more detailed exploration of plant resources.
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