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Abstract The study was conducted in the years from
2011 to 2013 at the Research Institute of Horticulture
in Skierniewice, Poland. The aim of the research was
to assess the breeding value, based on the effects of
general and specific combining abilities (GCA and
SCA), of 15 parental genotypes of blackcurrant in
terms of fruit yield and quality. The plant material
consisted of F; generation seedlings obtained by
crossing, in a factorial mating design of twelve
maternal (‘Bona’, ‘Big Ben’, ‘Chereshnieva’, Kupo-
liniai’, ‘Gofert’, ‘Tines’, ‘Sofievskaia’, ‘Tihope’,
‘Ores’, ‘Ruben’, ‘Titania’ and D13B/11) and three
paternal cultivars (‘Ceres’, ‘Foxendown’ and ‘Sani-
uta’). It was found that the cultivars ‘Ruben’, ‘Big
Ben’, ‘Gofert’ and D13B/11 had significant positive
effects of GCA on fruit yield at least in two
consecutive years. ‘Ruben’, ‘Saniuta’ and D13B/11
had positive GCA effects on fruit weight. For
‘Chereshnieva’, ‘Gofert’, ‘Tines’, ‘Sofievskaia’, ‘Ti-
hope’, ‘Titania’, ‘Ceres’ and Saniuta’ positive GCA
effects were estimated for soluble solids content,
whereas ‘Ruben’, ‘Ceres’, ‘Gofert’” and ‘Ores’ had
positive GCA effects on the ascorbic acid content in
fruit. This indicated a high breeding value of these
parental genotypes in terms of the evaluated traits. The
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significantly positive values of SCA, estimated for the
crossing combinations: ‘Big Ben’ x ‘Saniuta’,
‘Ruben’ x ‘Foxendown’, ‘Titania’ x ‘Ceres’,
‘Kupoliniai’ x ‘Saniuta’, ‘Gofert’ x ‘Foxendown’,
‘Gofert” x ‘Saniuta’, ‘Tines’ x ‘Ceres’ and ‘Ti-
hope’ x ‘Foxendown’ for at least two traits describ-
ing fruit yield and quality, were evidence of the
interaction of both these parental genotypes in the
creation of new dessert-type cultivars of blackcurrant.

Keywords Fruit weight - Extract - Ascorbic acid
content - Combining ability - GCA - SCA

Introduction

Blackcurrant (Ribes nigrum L.) fruits are valued for
their high nutritional and dietary qualities. They
contain large amounts of vitamins, especially C
(Vagiri 2012; Hummer and Barney 2002), and min-
erals such as potassium, phosphorus, manganese, zinc,
chromium and boron (Blackcurrant Foundation 2017),
as well as numerous antioxidant compounds, such as
phenols and anthocyanins—mainly cyanidin and del-
phinidin (Bordonaba and Terry 2008; Brennan and
Graham 2009). The level of anthocyanin compounds
in blackcurrant fruit largely depends on the genotype,
but can be modified under different climatic and
environmental conditions (Hancock et al. 2007). In
addition to the bioactive compounds, the high quality
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of the fruit is determined by the soluble solids content,
and the ratio between the amount of sugars and acids
(Kaldmie et al. 2013). These compounds determine
the quality and taste of blackcurrant berries (Bordon-
aba and Terry 2008), and are of particular importance
in their production for the fresh fruit market.

At present, breeding of new blackcurrant varieties
is conducted in about 15 breeding centres around the
world, most of which are located in Europe, mainly in
Scotland, Denmark, Sweden, Norway, Finland, in the
Baltic States (Lithuania, Latvia and Estonia), in
Ukraine and Poland (Vagiri 2012). The main objec-
tives of modern blackcurrant breeding programmes
are: resistance/tolerance to pests and diseases, such as
the gall mite (Cecidophyopsis ribis Westw.), a vector
for the blackcurrant reversion nepovirus, mildew
caused by Podosphaera mors-uvae (Schwein.) U.
Braun & S. Takam., septoria leaf spot caused by
Mycosphaerella ribis (Sacc.) Lindau, anthracnose
caused by Drepanopeziza ribis (Kleb.) Hohn. and rust
caused by Cronartium ribicola J.C. Fisch., and also
strong plant growth, long berry clusters, large berries,
increased fruit firmness, high productivity and suit-
ability for mechanical harvesting. Increasingly, more
importance is being placed on high concentration of
bioactive compounds and soluble solids, as well as
sensory parameters, such as flavour intensity, colour,
sourness, mouth feel and aroma (Brennan 2008; Vagiri
2012). Pluta et al. (2008a, b) identified promising high
quality blackcurrant genotypes suitable for the devel-
opment of new fresh fruit, which differed phenotyp-
ically and genetically from genotypes suited for
processing. They found that cultivars ‘Big Ben’ and
‘Storklass’ were the most suitable parental forms for
breeding of new genotypes with high quality fruit due
to their stable and reasonable general combining
ability effects for the fresh fruit traits.

To achieve rapid progress in conventional black-
currant breeding, it is important to select appropriate
parental forms for cross-breeding programmes. Addi-
tionally, knowledge of the breeding value, as well as
the fundamental knowledge of inheritance and the
genetic determination of quantitative traits at the
population level, increase the probability of achieving
the desired goal quicker (Muszynski 2000). The
breeding value of a parental forms is determined
primarily on the basis of the effects of the general
(GCA) and specific (SCA) combining abilities of that
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parental forms (Pluta et al. 2014; Zurawicz et al.
2006). The GCA of a parent for the trait under
consideration determines its ability to pass on the
average level of this trait to its progeny (Baker 1978;
Vieira et al. 2009), and the GCA effect is a measure of
the additive effect of the parental genes on this trait
(Griffing 1956a, b). The use of parental forms with
significantly positive GCA effects for a given trait
markedly increases the probability of obtaining hybrid
progeny with the desired values of this trait (Best-
fleisch et al. 2014; Masny et al. 2016a, b; Pluta et al.
2014). SCA refers to a pair of parental forms and is the
interaction of both parents in the genetic determination
of the trait under consideration, revealed in their
progeny (Griffing 1956a, b; Baker 1978). Thus, the
SCA effect is the result of non-additive action of genes
(domination and epistasis). It represents the difference
between the mean value of the trait revealed in
progeny (full siblings of two parental forms) and the
sum of GCA effects for these parental forms (Best-
fleisch et al. 2014). The GCA and SCA effects of
parents evaluated in factorial or diallel mating designs
are measures of their breeding value for the traits
under consideration, i.e. the usefulness of the parents
in breeding programmes focused on improving these
traits in new cultivars (Baker 1978; Bestfleisch et al.
2014; Pluta et al. 2014). The probability of success in
selecting the most efficient parents in a breeding
programme will be further enhanced if the SCA of
particular parental combinations is also considered
when only genetic variation exists in a breeding gene
pool. The quotient of the mean square deviations for
GCA and SCA (S&ca/S3ca) provides for the determi-
nation of which genetic effects (additive or non-
additive) have a predominant share in determining a
given trait in the tested progeny (Fort and Shaw 2000).

Genetic knowledge on the inheritance of quantita-
tive traits in blackcurrant is limited due to the costly
and labour-intensive research that requires extended
periods of data collection. As in other fruit crops, these
include heritability, variance components and corre-
lations, as well as the combining ability of potential
parental genotypes such as cultivars, clones, selections
and germplasm accessions (Yao and Mehlenbacher
2000; Pluta et al. 2014). Earlier studies on the
inheritance of selected traits in blackcurrant showed
that the phenotypic performance of morphological
traits such as bush size, length of one-year-old shoots,
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plant growth habit, plant vigour, as well as yield per
bush and uniformity of berry ripening were deter-
mined mainly by non-additive effects as a result of
dominance or epistasis (Zurawicz et al. 1996). Some
traits, such as flowering time and flower susceptibility
to spring frosts, were determined equally by additive
and non-additive effects. Variation due to additive
genetic effects was greater than for non-additive
effects for the following traits: resistance to powdery
mildew (Ravkin 1981), white pine blister rust and leaf
spot, bush defoliation and the length of strigs
(Zurawicz et al. 1996).

The aim of our study was to determine the breeding
value of 15 blackcurrant genotypes in terms of GCA
and SCA effects for traits describing fruit yield and its
quality using a factorial mating design. The impor-
tance and use of the findings in practical breeding of
modern blackcurrant cultivars adapted to Polish and
European agro-ecosystems, cultivation practices, and
market requirements are also discussed.

Materials and methods

Location, plant material and experimental
conditions

The experiment was conducted in the Experimental
Orchard in Dabrowice, belonging to the Research
Institute of Horticulture in Skierniewice (central
Poland, lat. 51.959°N, long. 20.139°E) in
2011-2013. Seedlings of F; generation of 36 hybrid
families were obtained from crosses in a factorial
mating design (Garretsen and Keuls 1978; Nduwu-
muremyi et al. 2013) made between 12 maternal
(‘Bona’, ‘Big Ben’, ‘Chereshnieva’, ‘Kupoliniai’,
‘Gofert’, ‘Tines’, ‘Sofievskaia’, ‘Tihope’, ‘Ores’,
‘Ruben’, ‘Titania’ and D13B/11) and three paternal
(‘Ceres’, ‘Foxendown’ and ‘Saniuta’) cultivars. Each
maternal cultivar was crossed with each paternal form.
A brief description of the crossed genotypes is given in
Table 1.

The crosses were performed between March 18 and
29, 2008 in the high plastic tunnel to avoid spring frost
damage to flower buds and flowers. In October 2008,
the seeds were sown into 3.3 L pots filled with a 3:1
mixture of peat substrate and sand, and placed in a
refrigerator for stratification. At the beginning of

January 2009, the pots were moved to a heated
greenhouse (20 °C/16 °C day/night temperature, 16 h
photoperiod). Emerging seedlings were transplanted
into 0.25 L pots filled with a 3:1 mixture of peat
substrate and sand, and grown from mid-January until
the end of May 2009. To set up a field experiment, a
total of 2160 seedlings were used. The seedlings were
randomly selected from a larger population of hybrids
belonging to 36 families. The experiment was estab-
lished in the spring of 2009, in a randomized block
design, with four replications of 15 plants (spaced at
0.5 x 2.8 m) per plot. The management of seedlings
in the experiment followed the recommendations for
commercial blackcurrant plantations in Poland.

Evaluated traits

In 2011-2013, all seedlings were evaluated individu-
ally for the following traits: fruit yield (kg/plot), mean
weight of 100 berries (g) selected randomly at harvest,
soluble solids and ascorbic acid content. Quality traits
(soluble solids and ascorbic acid) were determined
based on a sample consisting of 100 berries selected
randomly from each experimental plot. The harvested
berries, after washing and de-stalking, were packed
into polyethylene bags and placed in a freezer at
— 20 °C. After 3 months, the berries were thawed and
homogenized. The homogenate was pressed and the
juice was used for the determination of soluble solids
content with a Rudolph J-157 refractometer (Rudolph
Research Analytical, Hackettstown, USA) and ascor-
bic acid content with a Merck RQ-Easy reflectometer
and test strips (Merck KGaA, Darmstadt, Germany).

Statistical analysis

A two-stage analysis of the plot data obtained during
the three-year experiment was performed for all the
evaluated traits (Garretsen and Keuls 1978; Mohring
and Piepho 2009). Data were analyzed separately for
each year as well as for the mean of the three
consecutive years. In the first stage, the SAS PROC
MIXED procedure (SAS Institute Inc., Cary, NC,
USA 2000) was used to perform the analysis of
variance (ANOVA) of the plot-means data based on a
mixed ANOVA model for the randomized complete
block design, assuming the hybrid families to be a
fixed factor, while the blocks were considered to be a
random factor (Mohring and Piepho 2009). After
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finding significant variation for a given trait among the
hybrid families, both comparisons of the hybrid-
family means, calculated across the replicates, with
the general mean and the second stage of the two-stage
analysis were performed. The latter analysis involved
performing a fixed-model-based factorial analysis of
variance of the family means, and using error mean
square from the first stage ANOVA, together with
estimating GCA and SCA effects as outlined by
Nduwumuremyi et al. (2013) for NC II complete
mating design with parents treated as a fixed factor.
This factorial analysis was conducted using the SAS
PROC GLM procedure (SAS Institute Inc., Cary, NC,
USA 2000). A detailed analysis of the significance of
the GCA and SCA effects was made using a simul-
taneous test based on the Bonferroni procedure
(Garretsen and Keuls 1978).

Results and discussion
Phenotypic analysis of hybrid families

The study showed significant differences among the
evaluated families of blackcurrant hybrids in terms of
fruit yield and selected traits of fruit quality.

Fruit yield

In 2011, the fruit yield was very low (0.28 kg/plot, on
average) due to the young age of the seedlings, and
some of the plants did not produce any fruit at all
(Table 2). Hybrids of six families yielded significantly
(P < 0.05) higher, compared with the average yield
(so-called general mean) obtained from the bushes of
all the hybrid families under evaluation. The highest
yield of 0.53 kg per plot was produced by the hybrids
belonging to the families: ‘Gofert’ x ‘Saniuta’ and
‘Ruben’ x ‘Foxendown’. As expected, due to plant
establishment and growth, in the following year
(2012), the tested hybrids produced higher yield than
in 2011. Hybrids of seven families produced yield
more than 1 kg higher (per plot) than the general mean
of fruit yield for all 2160 hybrids. Those families were:
‘Ruben’ x ‘Foxendown’, ‘Big Ben’ x ‘Ceres’,
‘Kupoliniai’ x ‘Foxendown’, ‘Big Ben’ x ‘Foxen-
down’, D13B/11 x ‘Ceres’, ‘Ruben’ x ‘Saniuta’ and
‘Big Ben’ x ‘Saniuta’. In the case of the last family,
the yield obtained from the hybrids was 3.8 kg/plot

greater than the mean fruit yield obtained from all the
seedlings. The lowest yield was produced by hybrids
of two families: ‘Tines’ x ‘Ceres’ and ‘Sofievs-
kaia’ x ‘Ceres’. In 2013, yield obtained from all the
seedlings under evaluation was more than twice as
high as in 2012. In this group, hybrids belonging to
five families (‘Big Ben’ x ‘Saniuta’, ‘Ruben’ x °
Ceres’, ‘Ruben’ x ‘Saniuta’, ‘Ruben’ x ‘Foxen-
down’, ‘Chereshnieva’ x ‘Foxendown’) produced
yields at least 2.5 kg (per plot) higher than the mean
yield for all the seedlings. The variation in fruit yield
obtained from the hybrids of the different families,
especially in 2012 and 2013, allows the conclusion
that this trait is modified to a large extent by
environmental conditions. This is confirmed by the
statistically (P < 0.01) proven the high value of the
genotypes X years interaction (G x Y; Table 4). In
spite of that, fruit yields for most of the evaluated
hybrids were stable across 2012-2013, which was
confirmed by the lack of a significant G x Y interac-
tion for the individual hybrid families (Table 2). The
genotypes for which a significant G x Y interaction
was estimated, that might indicate low yield stability
in changing weather conditions, were hybrids obtained
from the crossing of the cultivars ‘Cheresh-
nieva’ x ‘Foxendown’ and ‘Kupoliniai’ x ‘Ceres’.
Simultaneously, it was observed a big difference in
fruit yield values of hybrids of both families across
2011-2013.

Fruit weight

The mean weight of 100 berries determined for the
blackcurrant hybrids under evaluation did not vary
much across the 3 years of the study (Table 2). In
2011, only hybrids derived by crossing D13B/11 and
‘Foxendown’ produced fruit with a significantly
(P < 0.01) higher weight than the mean fruit weight
for all 2160 seedlings. In 2012, the largest berries were
produced by the hybrids of the families ‘Big
Ben’ x ‘Saniuta’ and D13B/11 x ‘Saniuta’, while
the smallest were those of the seedlings from the
families ‘Gofert” x ‘Foxendown’ and “Ti-
hope’ x ‘Foxendown’. In 2013, like in 2012, the
largest berries were produced by the hybrids ‘Big
Ben’ x ‘Saniuta’ and D13B/11 x ‘Saniuta’, and also
‘Sofievskaia’ x ‘Saniuta’ and ‘Ruben’ x ‘Saniuta’.
Earlier phenotypic observations of numerous cultivars
of blackcurrant, conducted by Pluta et al.
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Table 2 continued

GxY

Mean weight of 100 fruit (g)

GxY

Fruit yield (kg/plot)

Hybrid family

Family no.

interaction

interaction

2012 2013 2011-13

2011

2012 2013 2012-13*

2011

7.17
0.55
14.94%
- 5.90
— 647

—9.60 15.84
— 8.66

—6.02

15.27
16.35

N
N
N
N

2.50% 1.43%

0.38
1.13*

0.08

Ruben x Ceres

31

1.90%*
2.07%%*
— 0.31

2.68%*

0.25%%*
— 0.01

Ruben x Foxendown

32
33
34
35
36

N
N
N

28.34%%
— 13.66

7.65
- 11.72
— 13.15

8.82
7.70
— 3.60
—3.15

2.53*
—0.02

1.61%+
— 0.60

— 1.09%
— 124

Ruben x Saniuta

0.15%
— 001
— 0.14%

Titania x Ceres

— 2.66

0.12
— 1.19%

1.33
— 1.15

Titania x Foxendown

8.09 1.06

- 1.75

N

Titania x Saniuta

Mean for a sibling family significantly different from the general mean at P < 0.05 or P < 0.01, respectively, based on the F-test

s

ko sksk

*Value of fruit yield in 2011 was extremely low and was not taken to estimate the average value of the trait for all years of the study

(2007, 2012), had shown that the largest fruit (mean
weight of 100 berries ranging from 150 to 218 g) was
produced by D13B/11, and also ‘Bona’, ‘Tihope’,
‘Saniuta’ and ‘Sofievskaia’. According to Hummer
(2008), the cultivar ‘Big Ben’ is also included in the
group of large-fruited cultivars (mean fruit weight of
more than 2 g). The smallest fruits in that year were
collected from seedlings of the families:
‘Kupoliniai’ x ‘Foxendown’,  ‘Tihope’ x ‘Foxen-
down’ and ‘Ores’ x ‘Ceres’. Only one hybrid family,
‘Sofievskaia’ x ‘Saniuta’, was shown to have a highly
(P < 0.01) significant G x Y interaction for fruit
weight across the 3 years of evaluation (2011-2013;
Table 2), which indicated the high variability of that
trait among this family hybrids in different growing
seasons.

Soluble solids content

The content of soluble solids in the fruit of the
blackcurrant hybrids was the trait for which there was
the highest number of values significantly (P < 0.05)
different from the general mean (average for all 2160
seedlings; Table 3). The amount of soluble solids
content significantly higher than the general mean was
found in the fruit of hybrids from 20 families in 2011,
17 families in 2012, and 14 families in 2013. The
highest amount of soluble solids content (more than
2.5° Brix above the general mean) was found in the
fruit collected from plants representing the families:
‘Tines’ x ‘Ceres’ and ‘Tihope’ x ‘Saniuta’ (2011),
‘Gofert’” x ‘Foxendown’ (2012), ‘Gofert’ x ‘Sani-
uta’ and ‘Kupoliniai’ x ‘Ceres’ (2013). From previ-
ous studies conducted at the Research Institute of
Horticulture in Skierniewice (Poland), it followed that
the cultivars ‘Gofert’ and ‘Tines’ were characterized
by a high soluble solids content in the fruit, exceeding
18°Brix (Pluta et al. 2012; Pluta and Zurawicz 2014),
whereas ‘Tihope’—by an average level of this com-
ponent (Pluta and Zurawicz 2015). As it was presented
by Pluta et al. (2012) the lowest soluble solids content
had the fruits of the cultivars: ‘Bona’, ‘Chereshnieva’,
‘Saniuta’, ‘Sofievskaia’ and D13B/11. In our studies,
for most of the hybrid families, a highly (P < 0.01)
significant G x Y interaction was estimated for the
soluble solids content in the fruit across 2011-2013
(Table 3). It means that the phenotypic value of this
trait in the hybrids of these families is not very
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£ reproducible in different growing seasons. A lack of
> g significant G x Y interaction, indicating high stability
S = S I S of the soluble solids content in the fruit regardless of
weather conditions, was found for hybrids of only four
- j‘é ?‘\ i 3}\, - families:  ‘Kupoliniai’ x ‘Saniuta’, ‘Gofert’ x °
A g E @ a q - Ceres’, ‘Sofievskaia’ x ‘Foxendown’ and DI13B/
S ! ! 11 x ‘Ceres’.
* * *
S&zgécgg Ascorbic acid content
S EEEER R
8 S | The ascorbic acid content in the fruit of the evaluated
g" B3 blackcurrant hybrids was quite varied in the years
~—" * ! . .
= *fl' %o % " 2011-2013 (Table 3). In 2011, significantly
2|« S8 e ";: (P < 0.05) more ascorbic acid, in comparison with
o = .
5 & e ° the mean content for the whole population of the
g N 2 evaluated hybrids, was contained in the fruit of the
2 Txeesgd i genotypes belonging to  four  families:
Sl=|% = ‘T ad T a1 ‘Gofert” x ‘Foxendown’, ‘Ruben’ x ‘Ceres’, D13B/
@ o = L] 3 ’
<la ' g8 11 x ‘Foxendown’ and ‘Sofievskaia’ x ‘Ceres’. The
g 8 lowest ascorbic acid content was in the fruit of the
> § 5.“ hybrids: ‘Big Ben’ x ‘Saniuta’, ‘Tihope’ x ‘Ceres’,
X % v o w s x fj ‘Tines’ x ‘Saniuta’ and ‘Big Ben’ x ‘Foxendown’.
o= S In 2012, the richest in ascorbic acid were the berries
« ;& - ?X% ;‘:O 3§C‘> ;@ 8 produced by the seedlings from the families:
v
:' Sz a2 s & g g ‘Ruben’ x ‘Ceres’, ‘Ores’ x ‘Foxendown’ and
A \ \% ‘Ores’ x ‘Ceres’. For hybrids of eight families,
N s % % ; ascorbic acid content in the fruit was found to be
Txzx okl g significantly lower than the mean value for the entire
~lem |22 e uwvmn . . . .
El= T Cl’ Cl’ - C" - | g population; for three families (‘Big Ben’ x ‘Saniuta’,
g1 g ‘Big Ben’ x ‘Ceres’ and ‘Big Ben’ x ‘Foxendown’)
g R S L the amount of this component was only 106-110 mg/
a2 2zZZ222 e 100 g fruit FW. The highest mean ascorbic acid
3 S g content, and also its greatest variation, in the fruit of
3 R % the hybrids representing the individual families, was
= KA R A SR I 5 found in 2013. Among the hybrids of 10 families with
;% gl e < °| ? g significantly (P < 0.01) higher amounts of this com-
; ponent in relation to the mean for all the seedlings, the
= highest in ascorbic acid were the fruit of hybrids
o . .
- b= obtained from the crosses of the cultivars ‘Ores’ x *
% z -z Ceres’ and ‘Kupoliniai’ x ‘Saniuta’. As in the 2012
< . . .
2 g g g E ERE season, the fruits of the hybrids ‘Big Ben’ x ‘Foxen-
E 8 é (‘,%, S é 5 g down’ and ‘Big Ben’ x ‘Ceres’ were characterized by
& X ox o x X X x|&@ the lowest levels of this component. Earlier studies by
o | B $55E2E|2 Pluta et al. (2012) had shown that out of 10 blackcur-
R RS £ gL S sSE|°? : : ) :
gz EEZEEEE|”T rant cultivars under evaluation the highest ascorbic
5| . '*2 acid content was in the fruits of ‘Gofert’, ‘Sofievskaia’
S| g . . .
w2 g and ‘Tihope’, and the lowest in ‘Bona’, “Yubyleinaia
= E % Kopania’ and the clone DI13B/11. Among the 36
&1E A A hybrid families evaluated in our study, a significant
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G x Y interaction for ascorbic acid content in the fruit
was estimated for 21 families, and its absence for 15
families (Table 3). This means that this trait is not very
stable among the hybrids of the majority of the
evaluated families in different growing seasons.

Analysis of variance

The analysis of variance for the hybrid families
representing the progeny of 12 maternal and three
paternal blackcurrant genotypes crossed in a factorial
mating design, conducted on the basis of mean values
of the traits evaluated across 2011-2013, showed
significant (P < 0.01) differences in the effects of the
general (GCA) and specific (SCA) combining abilities
of the genotypes, as well as their interaction in years of
the study (Y) for most of the traits under consideration,
with the exception of SCA effects and their interaction
with years for the mean fruit weight of 100 berries
(Table 4). In order to determine which genetic effects
(additive or non-additive) had a predominant share in
the determination (inheritance) of a given quantitative

trait in the progeny, the general predicted ratio (GPR)
was estimated for the GCA and SCA effects of the
maternal and paternal cultivars. High GPR values, of
both maternal and paternal cultivars, for traits such as
fruit yield and mean weight of 100 berries indicate the
predominance of additive genetic effects over non-
additive effects in the genetic determination of
variability in the above-mentioned quantitative traits
in the progeny within the parental gene pool (Baker
1978). Earlier studies by Pluta et al. (2008a, b), based
on an evaluation of F; progeny of several dessert
blackcurrant cultivars, also showed that the trait of
fruit size is mainly determined by additive genetic
effects, with very little influence of non-additive
effects. This fact indicates that it is relatively easy to
breed large-fruited cultivars by using for crosses
genotypes with high GCA values for this trait. Indeed,
according to biometricians concerned with such
analyses, a relatively high GPR value for a given trait
indicates high probability of revealing in the progeny a
level of that trait which characterizes the average of
both parental forms in the progeny (Geleta and

Table 4 Analysis of variance for four traits of 36 sibling families from a factorial mating design, including 12 maternal and 3
paternal blackcurrant genotypes, from testing these progenies in Skierniewice, Poland, across 2011-2013 seasons

Source of variation Degrees of Mean of squares
freedom — - - - -
Fruit yield Mean weight of 100  Soluble solids Ascorbic acid content
(kg/plot) fruit (g) content (°Brix) (mg/100 g)
Years 2 271.19%%* 498.78** 20.84%%* 201.93%%*
Genotypes 35 2.51%* 368.19%* 4.30%* 34.92%%
Genotype x year 70 (35%) 1.18bs 96.47%%* 1.20%* 12.00%*
interaction (G x Y)
GCA of maternal 11 1.71%%* 191.20%** 1.97%%* 18.70%*
genotypes
GCA of paternal genotypes 2 0.44" 203.72%* 0.18%* 4.48%*
GCA of mothers x years 22 11® 0.76" 41.42%%* 0.56** 4.61%*
(GCA™ x Y)
GCA of fathers x years 4 (2% 0.21° 24.72%% 0.04%* 1.26%*
(GCA® x Y)
SCA 22 0.947%%* 76.72" 3.69%%* 22.61%%*
SCA x years (SCA x Y) 44 (22" 0.51Ps 64.37" 1.03%%* 10.81%%*
GPR™ 0.78 0.83 0.52 0.62
GPR%? 0.48 0.84 0.09 0.28

*, **Significant differences of GCA or SCA effects at P < 0.05 or P < 0.01, respectively, based on the F test
4GPR—the general predicted ratio for the traits calculated as follows: GCA/SCA = (2MSgca)/(2MSgea + MSsca)

Genotype x year interaction was estimated only for 2012 and 2013, because of extremely low value of fruit yield in the first year of

evaluation (2011)
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Labuschagne 2006). Pluta et al. (2008a, b) also found a
large discrepancy in the GPR values estimated for
blackcurrant yields in the individual years of research
(from 0.24 to 0.70), which they justified by stronger
influence of non-additive effects on the manifestation
of this trait, as well as by the occurrence of a strong
genetic-environmental correlation. Similar studies,
conducted for several gooseberry (Ribes grossularia)
cultivars, showed that fruit size was mainly deter-
mined by additive genetic effects, whereas productiv-
ity—only by non-additive effects (Pluta et al. 2014).
The GPR values for the soluble solids and ascorbic
acid contents in the fruit indicate that these traits are
determined by both additive and non-additive genetic
effects originating from the maternal and paternal
cultivars, with the contribution of the additive effects
of maternal forms to the emergence of these traits in
the progeny being higher than that of paternal forms.
The available literature information on the genetic
determination of fruit quality traits of species and
varieties of the genus Ribes is generally related to fruit
size and colour (Pluta et al. 2008a, b, 2014; Pluta and
Zurawicz 2009), and there is no data on how internal
quality traits are inherited, most likely due to the
labour-intensive and costly nature of chemical anal-
yses of the fruit of numerous genotypes representing
the gene pool of interest.

Analysis of GCA effects of parental genotypes

The estimates of the GCA effects of blackcurrant
parental forms in terms of fruit yield and weight of 100
berries, as well as the content of soluble solids and
ascorbic acid in the individual years of the study are
presented in Tables 5 and 6. For each of these traits
and each year of the evaluation, GCA effects with
statistically (P < 0.05) proven values were found.

Fruit yield

Significant (P < 0.05) GCA effects for the parental
genotypes evaluated in terms of fruit yield were
generally obtained only in one or two, less frequently
in all 3 years of the study, and also for the mean value
of the 3 years (Table 5). However, fruit yield in the
first year of evaluation was very low and was not
considered for estimation of the average GCA effect
for the trait. The highest values of GCA effects for this

trait across 2012-2013 were estimated for the cultivars
‘Big Ben’ and ‘Ruben’. The first of these cultivars,
‘Big Ben’, was described in the literature as highly
productive (Hummer 2008). The cultivar ‘Ruben’ bred
and evaluated at the Research Institute of Horticulture
in Skierniewice, Poland, produced fruit yields by
40-45% higher than the Swedish cultivar ‘Titania’
(Pluta et al. 2008a, b). At the same time, a significant
(P < 0.05) GCA x Y interaction was estimated for
‘Ruben’, which might cause difficulties in unambigu-
ously evaluating its general combining ability. Sig-
nificantly (P < 0.05) positive average GCA effect
across 2012-2013 was also found for the clone D13B/
11. Except this genotype, also ‘Gofert’ ‘Saniuta’ and
‘Foxendown’ had the significant and positive GCA
effects in one of the tested years. Thus, it could be
expected that the progeny of these genotypes would be
characterized by high fruit productivity. However, in
the case of the cultivar ‘Foxendown’, the assessment
appeared to be much less reliable than for the cultivar
‘Saniuta’, because the high GCA x Y interaction
estimated for ‘Foxendown’ indicated unstable yielding
in varying weather conditions. In addition, in previous
studies at the Research Institute of Horticulture (Pluta
et al. 2007), the cultivar ‘Foxendown’ was signifi-
cantly less productive than ‘Titania’. Significantly
(P < 0.05) negative GCA effects for fruit yield were
shown by the cultivar ‘Bona’ in all years of the study,
and also by the cultivars ‘Tines’, ‘Sofievskaia’,
‘Tihope’ and ‘Ceres’ in two consecutive growing
seasons. It could be concluded that these cultivars
were of little use for the applied blackcurrant breeding
because they passed on a low productivity to their
progenies. The low breeding value of the cultivar
‘Bona’ (significantly negative GCA effects) for plant
productivity was earlier proven by evaluating the
diallel progeny of six dessert cultivars of blackcurrant
(Pluta et al. 2008a, b). Single, statistically proven
(P < 0.01) GCA effects with negative values for fruit
yield were also found for the cultivars ‘Kupoliniai’
and ‘Titania’. Earlier investigations of the combining
ability of the cultivar ‘Titania’, conducted by Pluta
et al. (1993) on the basis of an evaluation of F;
progeny obtained by crossing this cultivar in a diallel
mating design with the cultivars ‘Ben Nevis’,
‘Bieloruskaia Slodkaia’, ‘Consort’ and ‘Ojebyn’, had
shown that ‘Titania’ was recognized as a donor of high
fruit yield. However, the same cultivar, tested 20 years
later in crosses with newer dessert cultivars of
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blackcurrant, proved to be of little use as a parent in
breeding of new high-yielding cultivars. For the
cultivar ‘Chereshnieva’, a total of two significant
GCA effects for fruit yield were estimated—one with
a positive value (2013), and the other one with a
negative value (2011). The low stability of this
cultivar in terms of the fruit productivity trait was
also confirmed by the highly significant (P < 0.01)
GCA x Y interaction. Similar results related to the
cultivar ‘Chereshnieva’ was also obtained in earlier
studies conducted at the Research Institute of Horti-
culture in Skierniewice, Poland (Pluta et al. 2008a, b).
In those studies, during 4 years of fruiting, this
cultivar had GCA effects close to zero, with negative
values in the first two seasons and positive ones in the
subsequent two seasons. A significant (P < 0.01)
GCA x Y interaction was also proven for cultivar
‘Kupoliniai’. Unfortunately, the occurrence of a strong
GCA x Y interaction might create great difficulty in
unambiguously evaluating the breeding value of
parental forms based on their GCA effects (Shaw
et al. 2005).

Fruit weight

Statistically proven (P < 0.05) GCA effects for the
mean weight of 100 berries were observed, for most of
the genotypes under evaluation, generally only in 1 or
2 years of the study (Table 5). The only genotype for
which the significant GCA effects for this trait were
positive across all the years of the study was D13B/11.
This genotype, bred at the Research Institute of
Horticulture in Skierniewice, was characterized by
very large berries, with an average weight of more
than 2.2 g (Pluta et al. 2012). Significant GCA effects
for fruit weight in two out of the 3 years of the study
were estimated for four parental genotypes; for the
cultivars ‘Ruben’ and ‘Saniuta’ they were positive,
while for the cultivars ‘Ores’ and ‘Foxendown’ they
were negative. One significant (P < 0.05) GCA effect
for fruit weight in the three-year period of the study
was demonstrated for each of four genotypes. In the
case of the cultivars ‘Kupoliniai’ and ‘Gofert’, these
effects were negative, while for ‘Sofievskaia’ and
‘Bona’—positive. The results obtained for the latter
cultivar differ from previous studies in which signif-
icantly negative GCA effects were estimated for this
trait (Pluta et al. 2008a, b). It was shown that the
cultivar ‘Bona’ passed on to its progeny the ability to
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bear small berries, despite of producing large berries
itself (Pluta et al. 2012). For the cultivar ‘Big Ben’, all
the estimated GCA effects for fruit size were positive,
but their significance (P < 0.05) was confirmed only
for the mean fruit weight obtained across the three
growing seasons. However, earlier studies by Pluta
and Zurawicz (2009) were shown that this cultivar was
a donor of high fruit weight. The cultivars ‘Ores’,
‘Foxendown’, ‘Kupoliniai’ and ‘Gofert’, for which the
statistically proven GCA effects were negative, were
not very useful for cross-breeding programmes aimed
at producing large-fruited cultivars, because their
progeny would bear small berries. A significant
(P < 0.05) GCA x Y interaction was found only for
three genotypes: ‘Sofievskaia’, ‘Foxendown’ and
‘Saniuta’.

Soluble solids content

The largest number of statistically proven (P < 0.01)
GCA effects was estimated for the soluble solids
content in the blackcurrant fruit (Table 6). Most
genotypes showed significant GCA effects in all the
years of the evaluation; for the remaining four
cultivars, one or two significant GCA effects were
demonstrated. However, for this trait, a high
(P < 0.01) GCA x Y interaction was also found for
all the evaluated genotypes, indicating their high
genetic instability. For seven genotypes (‘Bona’,
‘Chereshnieva’, ‘Gofert’, ‘Sofievskaia’, ‘Ruben’, ‘Ti-
tania’ and D13B/11), the GCA effects obtained for the
soluble solids content in the fruit in the individual
years took on both positive and negative values, which
confirms the low reproducibility of this trait across the
years. For the genotypes ‘Tines’ and ‘Tihope’, the
GCA effects had positive values in all the years of the
study, meaning that these cultivars are highly useful
for breeding of new blackcurrant varieties with
increased extract content in the fruit. The GCA effects
estimated for the cultivars ‘Big Ben’, ‘Ores’ and
‘Foxendown’ were negative, so these cultivars are
donors of low soluble solids content in the fruit of their
offspring.

Ascorbic acid content

Statistically proven (P < 0.05) GCA effects for the
ascorbic acid content in the fruit were estimated for
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most of the evaluated blackcurrant genotypes, gener-
ally only in 1 or 2 years of the study (Table 6). GCA
effects with positive values for this trait were found for
the cultivars ‘Ruben’ and ‘Ceres’ in all the years of
evaluation, and also for ‘Ores’ in 2012-2013 and
‘Kupoliniai’ and ‘Sofievskaia’ in 1 year of the study.
The results showed that these cultivars are donors of
high ascorbic acid content in the fruit and could be
very suitable for breeding of innovative dessert type
cultivars reach in that beneficial component for human
health. The cultivars ‘Big Ben’ and ‘Saniuta’ had
significantly (P < 0.05) negative GCA effects in all
the years of the evaluation, ‘Chereshnieva’ and
‘Tihope’ in two seasons, while ‘Tines’ and ‘Foxen-
down’ only in 1 year of the evaluation. That indicates
their limited usefulness for the applied blackcurrant
breeding aimed at obtaining dessert cultivars with high
ascorbic acid content in fruits. For cultivars ‘Bona’,
‘Gofert” and ‘Titania’, the GCA effects for the
ascorbic acid content in the fruit took on both positive
and negative values in the individual years, which
indicates low reproducibility of this trait across the
years and it is confirmed by the highly significant
(P <0.01) GCA x Y interaction. Only for four
parental genotypes (‘Chereshnieva’, ‘Sofievskaia’,
‘Tihope’ and D13B/11) the estimated GCA x Y
interaction was not significant. It indicates high
stability of the trait in the tested hybrids despite of
the distinctly different weather conditions in the
individual years of studies.

Analysis of SCA effects for hybrid families

The estimates of the SCA effects of the blackcurrant
hybrid families evaluated in terms of fruit yield and
weight of 100 berries, as well as soluble solids and
ascorbic acid contents in the individual years of the
study are presented in Tables 7 and 8. For each of
these traits, SCA effects with statistically proven
(P < 0.05) values were found in at least 1 year of the
evaluation.

Fruit yield

With regard to the average fruit yield (2012-2013),
significant (P < 0.05) SCA effects, indicating genetic
interaction of both parental genotypes in the manifes-
tation of this trait in the progeny, were shown by four
hybrid families (Table 7). Two of the families: ‘Big

Ben’ x ‘Saniuta’ and DI13B/11 x ‘Ceres’ had the
positive SCA effects in 2012 and for the average in
2012-2013. Considering that only one parental form
in both the cross combinations had statistically
significant values of GCA effects, the great impor-
tance of interaction in the inheritance of this trait
should be emphasized, because these hybrids were
expected to have much higher fruit yield than that
resulting from the sum of the GCA effects for their
parental forms. In 2011 the significantly positive SCA
effects were estimated for two other families:
‘Ruben’ x ‘Foxendown’ and ‘Titania’ x ‘Ceres’.
However, fruit yield of such very young hybrids was
very low in 2011 and should not be taken into
consideration for determination of the SCA effects for
the trait. The statistically proven (P < 0.05) SCA
effects with negative values for this trait were
demonstrated for the following families: ‘Ores’ x *
Ceres’ (2011 and 2013 seasons, and the average for
2012-2013), D13B/11 x ‘Saniuta’ (2012 and the
average for 2012-2013), ‘Big Ben’ x ‘Foxendown’
(2012), ‘Gofert’ x ‘Foxendown’ (2011) and ‘Tita-
nia’ x ‘Saniuta’ (2011). No significant SCA x Y
interaction was found for any of the tested hybrid
families. This means that under varied weather
conditions in consecutive growing seasons the inter-
action of both parental forms of these hybrids in the
formation of fruit crop in their progeny is stable.

Fruit weight

For the trait—mean weight of 100 berries, only one
statistically proven (P < 0.05) SCA effect was found
in the 3 years of the study (Table 7). That effect had a
positive value and was found in 2011, only for the
family ‘Chereshnieva’ x ‘Saniuta’. This family is
thus expected to have numerous progeny with large
fruit. However, the high value of the quotient of the
mean square deviations of GCA and SCA effects for
this trait indicates that the trait of bearing large berries
is not determined solely by the interaction effects of
both parental genotypes, but is also the result of the
high general combining ability of the cultivar ‘Sani-
uta’. No SCA x Y interactions were found for any of
the 36 hybrid families under evaluation.
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~ g two hybrid families. For the family D13B/11 x ‘Fox-
: g endown’, these effects always had positive values, but
Q 2 AT for the family ‘Ores’ x ‘Saniuta’ they varied—in the
2011 season they were positive, while in 2012 and
. %’ % gX; 35\, 2013—negative. Significantly (P < 0.05) positive
N 5 R I R SCA effects for ascorbic acid content in the fruit in

- | 2 = 2 . . .
S | | PN two consecutive growing seasons (and also in the case

e x w 2 of the mean value for all the years of the study) were

éj *@ g *é‘; & E shown by the families: ‘Chereshnieva’ x ‘Ceres’,
Dloldm g8t ‘Kupoliniai’ x ‘Saniuta’, ‘Gofert’ x ‘Foxendown’,
S |8 I [ 2 ‘Gofert” x ‘Saniuta’ and ‘Ores’ x ‘Ceres’. This
Y O
%D 2 means that for these families, as well as for the
= *g *g v 29 g previously mentioned family DI3B/11 x ‘Foxen-
Q q g .

R RSl ISt "l” S down’, the genetic interaction of both parental geno-
S = . . . . . .
RN B § types determines high ascorbic acid content in their
8 S progeny. The statistically proven (P < 0.05) SCA
Q . . . . .
£ Aes R &= 2 effects with negative values for this trait in two
3 g T2 T 8 2 successive years of the evaluation were shown for the
<I= b “g families: ‘Chereshnieva’ x ‘Saniuta’, ‘Kupoliniai’ x
~ g ﬁ ‘Ceres’, ‘Gofert’ x ‘Ceres’, D13B/11 x ‘Saniuta’,
X g E ‘Ores’ x ‘Saniuta’ and ‘Ruben’ x ‘Saniuta’. For 19
ég Pox % % % ° of the 36 hybrid families, a highly significant
Z (P < 0.01) SCA x Y interaction was also estimated.
) i& i %ﬁ %o - i For the following families: ‘Bona’ x ‘Ceres’,
:I P 7; ‘Bona’ x ‘Foxendown’, ‘Bona’ x ‘Saniuta’, ‘Big
& | 9 Ben’ x ‘Foxendown’, ‘Big  Ben’ x ‘Saniuta’,
[=¥ .

x ¢ % x x |8 ‘Chereshnieva’ x ‘Foxendown’, ‘Gofert’ x ‘Foxen-

* * * * *

[RIBTED|= down’, ‘Gofert’ x ‘Saniuta’, ‘Tines’ x ‘Ceres’, ‘Ti-
223 <32 v )
5 S | 3 nes’ x ‘Foxendown’, Tines’ x ‘Saniuta’,
< a ‘Sofievskaia’ x ‘Foxendown’, ‘Sofievskaia’ x ‘Sa-
5 L LL8 _ 1|8 niuta’, D13B/11 x ‘Foxendown’, D13B/11 x ‘Sani-
§ a2 S &2 § uta’, ‘Ruben’ x ‘Saniuta’ and
B S N RY ‘Titania’ x ‘Foxendown’ the SCA x Y interaction
3 ¥ % £ % :, was insignificant, as it was proved in our studies.
sl.l¥8s22|e
=R R R I = ST =
S 18 oo Z

& Conclusions
8
o
> . . .
- g The analysis of general and specific combining
=] sy e
2 g ED abilities of the 15 blackcurrant genotypes evaluated
o s . . . .
% g ¢ £ E %‘ for the traits of interest indicates that they have
= o= X . .
g é E 3 & § é different usefulness as potential parental forms for the
& X ox X oxoxg applied breeding of new blackcurrant cultivars with
< < < o . .. . .
< 'E 8§ 8EEE|T high productivity and fruit quality. The most useful
S EEEEE|S genotypes for this breeding direction are: ‘Ruben’
g1 . ::5 (significantly positive GCA effects for fruit yield,
S| g . . . . ‘-
w |2 ) mean fruit weight and ascorbic acid content), ‘Big
= E % Ben’ and D13B/11 (significantly positive GCA effects
&1E &8 388 for fruit yield and mean fruit weight), ‘Saniuta’
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(significantly positive GCA effects for mean fruit
weight and soluble solids content), and also ‘Kupoli-
niai’, ‘Gofert’, ‘Sofievskaia’, ‘Titania’ and ‘Ceres’
(significantly positive GCA effects for extract and
ascorbic acid contents in the fruit). The least useful for
breeding of prolific varieties with high fruit quality are
‘Bona’ and ‘Foxendown’. In view of the highly
significant positive SCA effects for two or three traits
and the simultaneous lack of significant negative
effects (for data averaged over the 3 years of the
study) were estimated for the hybrid families: ‘Big
Ben’ x ‘Saniuta’, ‘Ruben’ x ‘Foxendown’, ‘Tita-
nia’ x ‘Ceres’, ‘Kupoliniai’ x ‘Saniuta’,
‘Gofert” x ‘Foxendown’, ‘Gofert’” x ‘Saniuta’, ‘Ti-
nes’” x ‘Ceres’ and ‘Tihope’ x ‘Foxendown’, these
combinations should be included in cross-breeding
programmes aimed at developing of new dessert type
blackcurrant cultivars.

The analysed functional traits of blackcurrant
genotypes (fruit yield, fruit weight and the soluble
solids and ascorbic acid contents) are determined by
both additive and non-additive genetic effects. How-
ever, in the inheritance of traits such as fruit yield and
fruit weight, the additive effects play a dominant role.
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