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Abstract 

Blackcurrant (Ribes nigrum L.) is a perennial shrub grown for its black piquant 

berries, rich in a variety of nutrients, phytochemicals and antioxidants.  

Blackcurrants are commercially grown in 21 countries mainly across temperate 

zones of Europe, Russia, and New Zealand and to a lesser extent North America.  

The berries can be harvested by hand and consumed raw, however the main market 

lies within the mechanically harvested crop used for processing.  Demand for juices, 

and fruit juices in particular, continues to rise mainly due to increasing consumer 

awareness of the health benefits of a balanced diet.  The rich nutritional content of 

blackcurrant makes it a desired commodity for production of juice and other 

innovative products. 

Breeding of new blackcurrant cultivars is dominated by the processing industry and 

the emphasis in recent years has been to increase the nutritional value of the crop.  

New berry fruit cultivars in the UK have recently focused more on fruit quality traits 

than agronomic characters (Brennan and Graham, 2009), and the main quality traits 

of blackcurrant have been associated with antioxidant, colour and flavour properties.  

Quality-focused breeding is challenging due to long timescales and low precision as 

quality traits are complex, show continuous variation, polygenic control, genes of 

small effects and strong influence by the growing environment; additionally, 

blackcurrant is a minor crop with no reference genome and existing sequence 

annotation is based on homology to Arabidopsis. 

In this study high throughput phenotyping, and metabolome and transcriptome 

profiling analysis contributed to a comprehensive overview of blackcurrant 

physiology and regulation during fruit development.  Combination of a novel 
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correlation platform and database mining of metabolite and transcript abundances 

contributed to identification of genes associated with anthocyanin content in 

blackcurrant and provided functional gene annotation for Ribes sp.  Sixty three genes 

were identified as having major roles in blackcurrant anthocyanin accumulation with 

putative functions of catalytic proteins, transporters and regulatory proteins; a 

number of cytochrome P450 family proteins were also implicated.  Moreover, a 

range of proteins with unknown functions in Arabidopsis were shown to correlate 

strongly with flavonoid accumulation in blackcurrant. 

The developed approach for functional gene orthology annotation (genes with 

similar functions) can also be utilised for several other (~200) traits analysed in this 

study and can provide a functional systems biology platform for other woody 

perennial species with no reference genome. 

In parallel, mapping population analysis and a new high-density quality-specific 

genetic linkage map and quantitative trait loci association with major quality 

compounds such as anthocyanins, sugars, organic acids and other polyphenols were 

developed.  This contributed to the identification of significant associations between 

28 quality traits and 978 markers present on genetic linkage map and created a 

functional tool for future quality-orientated blackcurrant breeding.  The genetic 

linkage map assisted further functional annotation of several new Ribes SNP based 

markers obtained through GbS technology through their association with quality 

traits for which polymorphism can be analysed using existing blackcurrant genomic 

resources. 

Integration of functional candidate genes identified in fruit ripening analysis and on 

genetic linkage map with several blackcurrant genomic resources formed a platform 
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for assisting further developments in quality-orientated blackcurrant breeding at The 

James Hutton Institute.  This platform provides a holistic view of the mechanisms 

that underlie fruit compositional quality and may provide a means for germplasm 

selection with no prior phenotypic information. 

Knowledge and tools developed in this study can be further developed with new 

developing genomic technologies. 
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1.1 Introduction to blackcurrant 

Blackcurrant belongs to the genus Ribes consisting of over 150 diploid species of 

spiny and non-spiny shrubs (Brennan, 2008).  Ribes was previously classified in the 

family Saxifragaceae, but more recently it has been placed into Grossulariaceae 

based on morphological traits such as presence of wholly inferior ovaries, totally 

syncarpous gynoecium, and fleshy fruits (Cronquist, 1981, Sinnott, 1985).  The 

genus consists of five subgenera and of those, two, notably Grossularia consisting of 

gooseberry (Ribes uva-crispa, syn. R. grossularia) and Ribes, consisting of 

blackcurrant (R. nigrum L.) and redcurrant (R. rubrum L., synonyms = R. vulgare 

Jancz.) are of commercial importance.  The subgenus Ribes includes eight sections, 

four of which are of importance to cultivated forms: 1) Symphocalyx, golden-

flowered currants with black fruits; 2) Calobotrya, ornamental currants; 3) Ribes, red 

and white currants and 4) Botrycarpum (formerly Coreosma), the blackcurrants, the 

most economically important section (Hummer and Dale, 2010). 

1.1.1 Origin and domestication of Blackcurrant 

Blackcurrant, Ribes nigrum L., is a perennial bush native to Europe, northern and 

central Asia, mountain regions of South America, north Africa and is found in 

Scandinavia and Siberia (Jennings et al., 1987, Brennan, 2008).  The first mention of 

blackcurrant in Britain was in medieval times and its purposes for adding colour and 

flavour to vines were described (Roach, 1985).  The word “currant” originates from 

the ancient Greek city Corinth and was used to illustrate grapes grown in that region 

and English texts described the cultivated varieties with words ‘corinthes’, ‘corans’, 

‘currans’ and ‘bastarde corinthes’ (Hedrick et al., 1925, Brennan, 1996). 
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In 1611 a dozen blackcurrant plants were imported from Holland by John Tradescant 

and this event marks the first record of fruit being grown in English gardens (Roach, 

1985).  Many herbalists of the 17th century wrote about blackcurrants.  Parkinson 

(1629) was first to describe ‘black Curran bush’ and its fruit and leaves use in 

savoury and sweet dishes.  Later, in 1633 blackcurrant was compared to better 

known at that time gooseberry and redcurrant in Gerard’s Herball and described as 

having fruit of a ‘stinking and somewhat loathing savour’.  In 1739 Bradley 

described blackcurrant as having medicinal values and recommended to plant them 

in gardens in ‘New Improvements of Planting and Gardening’.  Since then 

blackcurrants have been used in jelly, puddings, pickled in brandy, fermented with 

honey as a wine and made into boiled down juice (called ‘Rob’) used for the 

treatment of sore throats. 

Brookshaw (1812) illustrated one unnamed blackcurrant cultivar in `Pomona 

Britannica’ (Figure 1.1), and a list of five cultivars was published by the 

Horticultural Society in 1826. 
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Figure 1.1  Black, red and white currant illustration published by Brookshaw (1812). 

 

1.1.2 Blackcurrant improvement and expansion in the UK 

Throughout the nineteenth century the number of cultivars grown in the UK 

increased significantly.  Germplasm was imported from countries like Scandinavia, 

France and Holland and used in breeding by private individuals, usually relying on 

open pollination or chance seedlings. 
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Amongst new cultivars most widely grown at that time were ‘Black Naples’, Black 

Grape’, ‘Lee’s Prolific Black’ and ‘Baldwin’. 

In 1920 Hatton identified 26 additional cultivars of blackcurrant and classified them 

into groups that could be separated by their vegetative characters.  Groups included 

those represented by single cultivars, e.g. ‘French Black’ originating from Bordeaux, 

‘Boskoop Giant’ from Holland, and ‘Goliath’ and ‘Baldwin’ of unknown 

geographical origin.  Many of the cultivars within the Hatton groups were similar 

causing confusion in blackcurrant nomenclature, which Hatton attributed to the 

relatively small range of botanical variation. 

The majority of European cultivars including those bred in Britain were derived from 

a very restricted range of genetic material.  Many crosses were based on two main 

cultivars, ‘Baldwin’ and ‘Boskoop Giant’.  Tydeman (1930) studied the diversity of 

germplasm available and postulated the introduction of species other than R. nigrum 

into the breeding of new blackcurrant cultivars.  Wild forms of R. nigrum and other 

species like gooseberry (R. grossularia) were implemented in breeding and delivered 

major cultivar improvements.  The Russian R. nigrum sibiricum and R. dikuscha 

have been widely used as donors of hardiness and disease resistance, Finnish and 

Swedish R. nigrum scandinavicum were useful sources of resistance to gooseberry 

mildew (Sphaerotheca mors-uvae) and gooseberry provided a source of resistance to 

gall mite (Cecidophyopsis ribis) (Janick and Moore, 1975). 

Although cultivar improvement at that time was done only by nurserymen and 

private individuals, by the end of nineteenth century blackcurrants were a very 

popular crop for market and were planted on a large scale. 
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From the twentieth century blackcurrant was bred by professional plant breeders 

using controlled crosses at research stations, institutes and commercial companies.  

The first cultivar released from East Malling Research Station was Wellington XXX 

introduced by R. Wellington in 1927.  Together with ‘Baldwin’, ‘Wellington XXX’ 

was the most widely grown variety of currants planted on commercial plantations for 

both market and juice production (Brennan, 1996). 

During the Second World War, blackcurrant was valued as a source of Vitamin C 

and its cultivation was encouraged by the British government, increasing the English 

crop very significantly (Hummer and Barney, 2002).  Almost the whole production 

of blackcurrant was then used for purée that was distributed to children and babies 

within the country.  During that time blackcurrant juice rich in vitamin C started 

being produced as a result of work done at Long Ashton Research Station by Dr 

Vernon Charley (Roach, 1985).  H.W. Carter and Company Limited developed the 

first commercial application of the Long Ashton process and produced a 

concentrated juice of blackcurrants, which was called Ribena (Figure 1.2).  As a 

result of an increasing crop importance and product demand, Carter’s pioneered the 

development of long term contracts giving security and stability to British growers 

and blackcurrant production (Beecham, 1973). 
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Figure 1.2  One of the first found Ribena adverts by Carter's of Coleford ca. 1952. 

Sourced from online advert museum www.historyworld.co.uk. 
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From 1971 the expansion in production of blackcurrant and processing demands led 

to the full mechanisation of harvesting. 

The blackcurrant breeding programme based at the Scottish Horticultural Research 

Institute, later renamed the Scottish Crop Research Institute (SCRI), was established 

in 1956 and is still maintained at the James Hutton Institute today.  It has produced a 

range of cultivars (the `Ben’ series) that forms the basis of blackcurrant production 

in the UK and much of Europe.  95% of typical blackcurrant plantations in the UK 

grow mainly cultivars bred at The James Hutton Institute (Figure 1.3). 
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Figure 1.3  Commercial plantation of blackcurrant, Hereford, UK. 
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1.1.3 Global blackcurrant production 

Britain is amongst the main countries where blackcurrant acquired high popularity. 

Blackcurrant is also widely cultivated across temperate zones of Europe, Russia, 

New Zealand, parts of Asia and to a lesser extent North America.  The fruits are 

eaten raw or processed for production of jams, purées, jellies, liqueurs and as an 

additive of colour and flavour to yoghurt and other dairy products, however most of 

the crop is used for juice and beverage production. 

The production of blackcurrant in 2015 was estimated at 217,847 tones in Europe 

and 224,497 tones worldwide (5th International Blackcurrant Conference, Ashford 

2016). 

Poland is the largest world producer of blackcurrant, delivering about 35-40% of 

world production (Błaszczyńska, 2010), followed by the UK, France and 

Scandinavia.  Production estimates for Russia and China are not available, but 

blackcurrant has an increasing economic importance in those countries, with many 

innovative products such as powders, pills and shots made not only from fruit but 

also from leaves or buds. 

Although blackcurrant was introduced in the United States in the seventeenth 

century and can be produced successfully in the northern states of America and 

southern provinces of Canada it has not been grown on a large scale.  The main 

impediment for growing blackcurrant in the United States is white pine blister rust 

(Cronartium ribicola) for which Ribes species can be alternative hosts.  As a result, 

restrictions and laws prohibiting cultivation of Ribes in the US were implemented 

(Brennan, 2008, Hummer and Dale, 2010).  Recently, some states removed those 

restrictions and there is a growing interest in expanding Ribes production (Hummer 
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and Dale, 2010).  Additionally European and American Ribes breeders are 

collaborating in developing new blackcurrant cultivars with resistance to white pine 

blister rust. 

1.1.4 Biology 

Blackcurrant is an aromatic shrub that can grow up to 2 m tall.  Shoots are straight, 

firm and brown in color.  The buds are aromatic and can vary from short and thick to 

long and slender, spindly or conical in shape, reddish or yellowish in colour.  The 

leaves are lobed up to 10 cm per side, slightly pubescent with numerous sessile and 

aromatic glands underneath.  Racemose inflorences of Ribes hang down and bear 

from two to 70 flowers (Janick and Moore, 1975), although the average number of 

blackcurrant flowers per inflorescence of western European cultivars varies between 

6.6 and 9.6 (Fernqvist, 1961).  Some cultivars produce several racemes at each node 

that are borne on second year wood (Baldini and Pisani, 1961).  The flowers are 

usually 5-merous and have reddish- or brownish-green campanulate hypanthia and 

recurved sepals.  The petals usually number about two thirds of sepals.  The stamens 

can be shorter or longer than the sepals.  The ovary is inferior, one-celled, and many-

ovuled with two more or less connate styles (Figure 1.4).  There are two types of 

flowers recognised in Ribes; one with the stigma above the anthers and other with 

the stigma just below the anthers (Hatton, 1920, Baldini and Pisani, 1961).  The fruit 

is a shiny black or purple in colour edible berry containing multiple seeds (Hummer 

and Barney, 2002). 
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Figure 1.4  Blackcurrant flower - median longitudinal section illustrated in Beecham 

(1973). 

 

1.2 Quality traits in blackcurrant 

Intense colour, high ascorbic acid (AsA, Vitamin C) levels, and good flavour 

represent major breeding objectives in blackcurrant breeding programmes (Brennan, 

1996).  Those characteristics define quality of the fruit.  Additionally blackcurrant is 

a rich source of dietary minerals, vitamins, fibres and antioxidants. 

The health attributes of blackcurrant fruit are one of the main reasons for their 

constantly growing popularity (Brennan, 2008).  The fruit is valued for its 

exceptionally high ascorbic acid content, and high concentrations of phenolic 

compounds comprising phenolic acids, flavonols, flavan-3-ols (catechins), tannins, 

proanthocyanidins and anthocyanins (Maatta et al., 2003). 

Polyphenols are important secondary metabolites and play a significant role as a 

quality factor of blackcurrant (Hummer and Barney, 2002).  Similarly to ascorbic 

acid, polyphenols are considered as key compounds responsible for the antioxidant 

potential of fruit.  They are described as having a range of recognised beneficial 

effects on human health, notably anti-inflammatory, antimicrobial and anti-ageing 
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effects, and may play a preventive role for tumours and cardiovascular diseases 

(Burns et al., 2000). Additionally, polyphenols have high antioxidant capacities.  

However, most claims are based on in vitro studies and epidemiological evidence is 

contradictory.  The understanding of antioxidant properties, bioavailability and the 

disease-preventative effects of polyphenols is limited (McGhie, 2009).  Both free 

radicals and phytochemicals can regulate genes and biological pathways, acting as 

signalling molecules, and health benefits attributed to antioxidants may be the result 

of regulation of processes that lead to diseases (Stevenson and Lowe, 2009).  Further 

research is required to support health claims and breeding programme objectives 

based on health impacts (Hancock, 2007). 

Studies of phytochemical content in fruit will lead to better understanding of their 

heritance, functions and allow focused breeding for specific target compounds, 

provided that evidence of their benefits is available. 

Anthocyanins are an important group of polyphenols.  Major blackcurrant 

anthocyanins include delphinidin and cyanidin derivatives (Moyer et al., 2002), and 

they contribute to an important blackcurrant organoleptic property; rich colour.  

Within the food industry anthocyanins play an important role in food quality where 

they are used as colorants (Jackman et al., 1987).  Woodward et al. (2011) showed 

that there is no significant degradation of anthocyanins during commercial 

processing, which indicates that breeding cultivars with increased anthocyanin levels 

will have application in blackcurrant products. 

On the contrary, the amount of ascorbic acid can decrease in processing, notably 

during enzymatic depectinisation of the fruit mash and pasteurisation of the juice 

(Naczk and Shahidi, 2004), however Viola et al. (2000) established that genotypic 



 14 Chapter 1 

variation in  content in blackcurrant is established at very early stages of berry 

development and identification of biochemical factors of ascorbic acid accumulation 

should be focused on early developmental stages. 

Taste and flavour are also one of the pivotal quality traits in blackcurrant (Píry et al., 

1995).  The compounds that play important role in sensory attributes are sugars, 

acids and volatile compounds (Poll, 1981).  In blackcurrant the most abundant sugars 

include fructose, glucose and sucrose and the major recognised organic acids are 

malic and citric acid with minor concentrations of oxalic acid (Nwankno et al., 

2012). 

By-products from blackcurrant juice production include berry seed pressings.  These 

residues contain valuable ingredients such as polyphenolic compounds and fatty 

acids, and their utilisation by incorporating into food products is being developed 

(Lu and Yeap Foo, 2003, Helbig et al., 2008, Bakowska-Barczak et al., 2009, Rohm 

et al., 2015). 

1.2.1 Genetics and heritability of quality traits 

Variability that can be attributed to genes encoding traits can be transferred from one 

generation to the next, which is genetic or heritable variation.  The degree of 

expression of a heritable trait is impaired by its environment (Acquaah, 2010).  Some 

genetic variation is demonstrated in morphological traits and is possible to assess 

organoleptically, but compositional traits such as nutritional content require more in-

depth assessment, often supported by laboratory assay.  Variability that can be 

categorised into two distinct and non-overlapping categories is described as 

qualitative. 
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Qualitative variation is relatively easy to classify and utilise in breeding because it is 

simply inherited, meaning that the control is attributed to one or few genes.  

Examples of qualitative traits include pest and disease resistance often mediated by 

single resistance genes (Falconer, 1975). 

Most traits in breeding, however, and particularly several quality traits in fruit crops, 

show a quantitative pattern of a normal distribution of progenies with the mean 

which is close to the mean value of the two parents (Brown and Harvey, 1971).  

Those are quantitative traits and their complexity is due to the polygenic nature of 

the genetic control, where one gene contributes small effects to the overall 

expression of the trait; too small to be distinguished separately.  Moreover, 

additionally to genetic variation, continuous variation is caused by the environment 

(Klug and Cummings, 2003).  Polygenic variation cannot be classified into distinct 

groups because of the large number of segregating loci. 

Heritability is the proportion of the observed variation in a progeny that is inherited 

and is often defined as the ratio of genetically caused variation to total variation 

(Acquaah, 2010).  For each crop there are a number of characters which are 

considered and bred for together, and even though plant breeders may focus on the 

top traits it is the totality of the key traits that impact overall desirability.  This is also 

applicable in quality traits of blackcurrant such as ascorbic acid, anthocyanins, 

sensory characters and additional nutritionally important compounds. 

 Ascorbic acid 1.2.1.1

Ascorbic acid is the most abundant and highly bioavailable water-soluble antioxidant 

found in plant tissues (Levine et al., 1996, Smirnoff, 2000).  Ascorbate plays 

important roles in cell metabolism, notably photoprotection, cell cycle control, 
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expansion and loosening of cells during development and fruit ripening, stress 

perception and response to pathogens in plants (Fry, 1998, Hancock and Viola, 

2005).  Ascorbic acid acts as a precursor for oxalic, tartaric and threonic acids in 

various plant species (Debolt et al., 2007) as well as being subject to oxidation in 

both enzymatic and non-enzymatic reactions (Hancock and Viola, 2005), and it is 

therefore not a stable metabolic product.  Deficiency of ascorbic acid causes scurvy 

in humans, and since the human body has no enzymatic capability to synthesize 

ascorbic acid, it has to be obtained in the diet (reviewed by Carpenter 1988). 

Biosynthetic pathway studies of ascorbic acid suggest two main pathways indicated 

in fruit species, one being a salvage pathway from D-galacturonic acid operating in 

strawberry and apple and the other a de novo L-galactose pathway operating in 

kiwifruit, acerola cherry and blackcurrant (Walker et al., 2010).  Hancock et al. 

(2007) described ascorbic acid biosynthesis in blackcurrant and indicated that 

accumulation occurs during the fruit expansion stage and ceases as fruit begin to 

develop red colour. 

Blackcurrants are a rich source of ascorbic acid (Belitz, 2004), and levels of it in 

fruit are variable and range between 130-200 mg/100 ml to 350 mg/100 ml of juice 

in breeding lines. The highest ascorbic acid levels occur in derivatives of R. dikuscha 

and R. nigrum var. sibiricum (Brennan, 2008). 

Several studies have identified quantitative trait loci contributing to fruit ascorbic 

acid content in tomato (Rousseaux et al., 2005, Stevens et al., 2007), apple (Davey et 

al., 2006) and melon (Sinclair et al., 2004, Park et al., 2009).  In tomato, two genes 

encoding enzymes of the L-galactose pathway were found to co-locate with 

quantitative trait loci.  In the same species higher ascorbic acid level was achieved 
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by mutation of Vtc1 (Stevens et al., 2008).  Additionally, GDP- D-mannose 3,5-

epimerase (GME) has been found to collocate with ascorbic acid QTL in separate 

populations in tomato.  Still, more work is needed to determine the genetic control of 

nutritional compounds such as ascorbic acid. 

Breeding for increased levels of ascorbic acid is a significant breeding objective for 

most blackcurrant breeding programmes, and several approaches have been 

considered for shortening of the phenotyping process in breeding.  Lisowskaya 

(1980) described the rapid screening of seedlings, based on the correlation between 

ascorbic acid levels in the overwintering buds of one-year-old shoots and in the fruit. 

The levels of ascorbate present in blackcurrant depend on cultivar, site, weather 

conditions and fertilisation (Zheng et al., 2009, Krüger et al., 2012).  Walker et al. 

(2010) found that additionally to environmental conditions, genetic factors can have 

a significant impact on ascorbate content in fruit and although levels of ascorbic acid 

are variable between years, phenotypic hierarchy is maintained on a year-to-year 

basis, suggesting that ascorbate concentration is a strongly heritable trait and 

breeding for ascorbic acid content in blackcurrant is an achievable objective.  Currie 

et al. (2006) showed that additive effects were significant for antioxidant traits in 

blackcurrant fruit, and a full diallel experiment conducted at the Scottish  

Crop Research Institute (Vagiri et al., 2013) indicated that ascorbic acid content 

shows a large component of genetic variance.  Linkage mapping by Brennan et al. 

(2008) has identified QTLs linked to ascorbate content, and strategies and tools for 

molecular breeding to improve this trait are under development. 
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 Phenolic compounds 1.2.1.2

Similarly to ascorbic acid, phenolics are key objectives in quality orientated breeding 

programmes.  Phenolics (polyphenols) are the biggest group of phytochemicals, with 

many of them present in plant-based foods, and they are one of the most numerous 

and widely distributed groups of natural products in the plant kingdom (Erdman et 

al., 2007) (Figure 1.5). 
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Figure 1.5  Classification of phytochemicals by Erdman et al. (2007). 
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In food, polyphenols may contribute to the bitterness, astringency and flavour acting 

as precursors of aroma volatiles (Pichersky and Dudareva, 2007), but also to colour 

and oxidative stability of products (Mattila et al., 2011).  The main polyphenols 

contained in blackcurrant and other fruits are anthocyanidins, phenolic acid 

derivatives – hydroxybenzoic acids and hydroxycinnamic acids, flavonols – mycertin 

glycosides, quercetin, kaempferol and isorhamnetin, and flavan-3-ols - 

proanthocyanidins (Karjalainen et al., 2008, Mattila et al., 2011). 

Levels of polyphenols found in blackcurrant fruit range between 500-1342 mg/100 g 

fresh weight, which is relatively high compared to other fruit (Jakobek et al., 2007) 

(Table 1.1). 
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Table 1.1  Concentrations of total polyphenols [mg GAE (gallic acid 

equivalents) kg
-1

FW] and total anthocyanins [mg CGE (cyanidin-3-glucoside 

equivalents) kg
-1

FW], values are means ± SD (n=3) (Jakobek et al., 2007). 

 

 

Flavan-3-ols (catechins) are present in many fruits such as grape, teas, cocoa, and 

chocolate.  Their oligomeric and polymeric forms, condensed tannins are also called 

proanthocyanidins.  Proanthocyanidins’ major function in plants is to provide 

protection against microbial pathogens, insect pests and larger herbivores and the 

deposition of proanthocyanidins in the endothelial layer of the seed coat and berry 

skin forms a protective barrier.  Those condensed tannins give an astringent flavour 

Red fruits Polyphenols mg kg
-1

Anthocyanins  mg kg
-1

Blueberry 6180.23±157 4069.03±129

Blackberry 3657.57±167 1055.7±31

Chokeberry 7194.4±78 3571.96±48

Strawberry 1999.24±88 169.17±2

Red Raspberry 1763.19±71 231.72±1

Sweet Cherry 2010.67±50 192.52±13

Sour Cherry 2904.54±101 1145.89±37

Elderberry 4415.33±124 3175.14±34

Blackcurrant 5435.06±31 2189.26±20

Redcurrant 1947.94±23 197.76±2

Ericaceae

Rosaceae

Caprifoliaceae

Saxifragaceae
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to fruit juices and beverages and are increasingly recognised as having beneficial 

effects on human health; however they appear to be among the least well-absorbed 

polyphenols (Manach et al., 2005).  Anthocyanidins are recognised as one of the 

most stable and available polyphenols obtained from fruit and fruit products 

(Rubinskiene et al., 2005). 

1.2.1.2.1 Anthocyanin 

Anthocyanins are water-soluble vacuolar pigments that are visible red, purple, blue 

and violet colours depending on the pH.  They belong to the flavonoid group of 

polyphenols and are odourless and nearly flavourless, however they may contribute 

to taste as a moderately astringent sensation.  Anthocyanins occur in all tissues of 

higher plants, including leaves, stems, roots, flowers, and fruits.  Their structure 

consist of an aromatic ring (A) bonded to oxygen containing heterocyclic ring (C) 

which is also bonded by carbon-carbon bond to a third aromatic ring (B) (Figure 1.6) 

(Konczak and Zhang, 2004). 

 

Figure 1.6  Basic structure of anthocyanin. Aromatic ring (A), containing oxygen 

heterocyclic ring (C) and third aromatic ring (carbon-carbon bond) (B) (Konczak and 

Zhang, 2004). 

 

There is a wide variety of anthocyanins in nature; the main differences between them 

are the number of hydroxylated groups, the nature and number of bonded sugars and 
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the aliphatic or aromatic carboxylates bonded to the sugar in the molecule and 

position of these bonds (Table 1.2).  The distribution of six most common 

anthocyanins found in fruits and vegetables consists of cyanidin (50%), delphinidin 

(12%), pelargonidin (12%), peonidin (12%), petunidin (7%) and malvidin (7%) 

(Kong et al., 2003), and of those cyanidin 3-O-rutinoside, delphinidin 3-O-

rutinoside, cyanidin 3-O-glucoside, and delphinidin 3-O-glucoside are most common 

in blackcurrant fruit (Nielsen et al., 2003, Anttonen and Karjalainen, 2006). 

 

Table 1.2  Contents of Anthocyanins in Blackcurrant.  Table extracted from Määttä 

et al. (2003). 

 

 

The anthocyanin biosynthetic pathway is well established (Mol et al., 1989, 

Forkmann, 1991), and pigments are assembled from two streams of chemical 

materials in the cell.  One stream involves the shikimate pathway to produce the 

amino acid phenylalanine and the other stream produces 3 molecules of malonyl-

CoA, a C3 unit from a C2 unit (acetyl-CoA).  Several enzymes are involved in the 

biosynthesis, those include chalcone synthase (CHS), chalcone isomerase (CHI), 

flavanone 3-hydroxylase (F3H), flavonoid 3' hydroxylase (F3’H), flavonoid 3' 5'-

hydroxylase (F3’5’H), dihydroflavonol 4-reductase (DFR) and UDP-3-O-

glucosyltransferase. 

Anthocyanin mg kg FW -1 R1 R2 R3

delphinidin 3-O-β-glucoside 538 OH O-glucose OH

delphinidin 3-O-β-rutinoside 979 OH O-rutinose OH

cyanidin 3-O-β-glucoside 331 H O-glucose OH

cyanidin 3-O-β-rutinoside 1163 H O-rutinose OH
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 Several of the biosynthetic proteins belong to multi gene families and identification 

of specific enzymes involved in biosynthesis and transcription in specific non model 

species is difficult.  Regulation of anthocyanin biosynthesis has been studied across a 

number of flowering plants and the studies of colour mutants have assisted in the 

dissection of complex regulatory networks.  Many studies of the genetic control of 

colour phenotypes in floral organs of ornamentals and seed teguments of 

Arabidopsis thaliana have led to a comprehensive view of the common features and 

the species-specific nature of anthocyanin regulation in those plants (Martin et al., 

1991, Quattrocchio et al., 1993, Mol et al., 1998, Spelt et al., 2000, Winkel-Shirley, 

2001).  In fruit trees, the genetics underlying the presence or absence of anthocyanin 

pigmentation has been elucidated in bilberry (Jaakola et al., 2002), grapevine 

(Kobayashi et al., 2004, Walker et al., 2007) and apple (Espley et al., 2007).  

However, studies concerning quantitative and qualitative variation of anthocyanins 

in fruit and the resulting shifts in colour have only skimmed the regulatory network 

by separately analysing the role of single genes (Bogs et al., 2006, Castellarin et al., 

2006) or single transcription factors (Lijavetzky et al., 2006). 

Genes involved in the regulation of transcription of anthocyanin include R2R3-MYB 

(myeloblastosis), bHLH (basic helix loop helix) and WD40 (Zhao et al., 2013).  

These proteins have been shown to control multiple enzymatic steps of the flavonoid 

pathway.  WD proteins mediate protein-protein interactions and can interact with 

MYB and bHLH proteins (Zhang et al., 2003a).  In white grape cultivars a mutation 

found in two MYB alleles indicated that inactivation of those genes may have led to 

inactivation of anthocyanin biosynthesis (Espley et al., 2007) and in apple a MYB 

gene is associated with the regulation of structural genes of anthocyanins and 

proanthocyanins.  Two MYB genes have been mapped and associated with red 
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colouration in apple and are now used as markers in marker assisted breeding (Allan 

et al., 2008).  In raspberry major structural genes are F3′H, FLS (flavonol synthase), 

DFR (dihydroflavonol-4-reductase), IFR (isoflavone reductase), OMT 

(methyltransferase) and GST (glutathione s-transferase) and transcription factors 

bZIP (basic leucine zipper domain), bHLH and MYB influencing flavonoid 

biosynthesis have been identified, mapped and shown to underlie QTL (quantitative 

trait locus) for quantitative and qualitative anthocyanin composition and alleles for 

the selected traits were identified for the aspects of fruit colour and partitioning of 

individual pigments (McCallum et al., 2010).  In apple co-expression of a MYB, 

MdMYB10 and two bHLH transcription factors has been associated with induction 

of anthocyanin production (Espley et al., 2007).  Additionally, anthocyanin 

transcription factors often exist as multigene families, with each member of the 

family having a restricted domain of expression (Ludwig et al., 1990, Quattrocchio 

et al., 1993, Huits et al., 1994).  As a consequence, knockouts of these genes can 

eliminate pigment production in a specific organ without affecting anthocyanin or 

general flavonoid production in other tissues. 

High anthocyanin content is a desirable trait for processors and consumers in 

blackcurrant due to potential health benefits, antioxidant activity and rich colour, and 

breeding programmes regularly screen seedlings for high anthocyanin levels, 

especially delphinidins that are desirable due to their stable colour (Brennan, 1996). 

Although significant maternal influences have been identified by breeders, there is 

insufficient data at present on the inheritance of high phenolic levels (Brennan et al., 

2008).  Additionally anthocyanin content in blackcurrant was mapped but no 

significant QTLs were detected for this trait (Brennan et al., 2008). 
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 Sensory compounds 1.2.1.3

Sensory properties are of great importance to the processing sector and consumer.  

Flavour, aroma, mouth feel and aftertaste are important determinants of overall 

quality of the fruits and juices (Brennan et al., 2003).  A key determinant of fruit 

flavour is influenced by the amount of primary metabolites, particularly sugars and 

organic acids where the  sugar/acid ratio is an important indicator (Poll, 1981).  

Berries with pleasant sensory characteristics often have high contents of sugars and 

relatively low contents of acids (Tiitinen et al., 2005).  High organic acid content 

decreases pH, preserves fruit and has an influence on stabilisation of ascorbic acid 

and anthocyanins (Wang et al., 2009).  Sugars have an effect on juice sweetness and 

increase palatability. 

Glucose, fructose and sucrose are the major sugars found in blackcurrant fruits 

(Pérez et al., 1997).  Citric acid is the major fruit organic acid, but small 

concentrations of succinic, malic and quinic acids can be found in fruit (Zheng et al., 

2009).  Sugars and organic acids play an important role in normal metabolism and 

are closely related to the photosynthesis and respiration of the plant.  Ascorbic acid 

is derived from the hexose pool and is therefore related to the carbohydrate 

metabolism pathways (Ishikawa et al., 2006).  Hancock et al. (2007) showed that 

major sugar accumulation in ripening blackcurrant fruit occurs as a result of starch 

breakdown and sugar translocation from stems and roots. 

1.2.1.3.1 Sugars 

Fruit sweetness is a vital determinant of fruit quality and is associated with soluble 

sugars in fruits such as sucrose, glucose and fructose.  Glucose is lower in sweetness 

than sucrose and fructose is sweeter than sucrose (Han and Korban, 2011). 
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In blackcurrant soluble sugars (glucose, fructose and sucrose) accumulate throughout 

fruit development (Hancock et al., 2007) and follow biphasic pattern of 

accumulation with fructose being the most abundant sugar in this fruit.  Measure of 

the content of soluble solids (°Brix) was mapped on linkage map of blackcurrant and 

associated areas showing single nucleotide polymorphisms were identified (Russell 

et al., 2014). 

In apple five significant QTLs were identified for °Brix, but the contributions of the 

QTL to °Brix were quite small (Liebhard et al., 2003), however (Kenis et al., 2008) 

detected two significant QTL for °Brix using a different population over two year 

analysis and both QTLs were stable.  In melon sucrose accumulation is controlled by 

a recessive gene Suc, present in sweet varieties and absent in non-sweet melons 

(Burger et al., 2003).  In the same species variation in the sugar accumulation is 

controlled by an extensive number of QTLs (Sinclair et al., 2006, Paris et al., 2008, 

Park et al., 2009) and large genotype-environment interaction is usually observed in 

this trait.  Similar is observed in tomato where large number of regions involved in 

sugar QTL suggested multitude of mechanisms involved in increasing fruit sugar 

content (reviewed by Labate et al. (2007)).  In tomato mutation of the gene Lin5 

having activity in cell wall invertase led to increased sugar content (Fridman et al., 

2000). 

1.2.1.3.2 Organic acids 

Acid content in fruits can be measured as titratable acidity indicating total 

concentration of H⁺ ions present free in solution and those free associated with 

anions, with pH measuring only H⁺ anions which have separated and are free in 

solution (Olomucki, 1999) and by targeted individual organic acid quantification 
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(Nwankno et al., 2012).  In apple (Berüter, 2004), tomato (Kortstee et al., 2007) and 

grape (Sweetman et al., 2009) malic acid is predominant.  The accumulation of 

malate in fruits is in large part due to de novo synthesis through metabolism of 

assimilates translocated from leaf tissues, as well as photosynthetic activity within 

the fruit itself.  Developmental transcript patterns for enzymes potentially involved 

in malate metabolism indicate that flux may occur through pathways that are less 

commonly regarded in ripening fruit, such as aerobic ethanol production; it is also 

suggested that pyruvate is an important intermediate during malate catabolism in 

fruit (Sweetman et al., 2009). 

In blackcurrant several reports indicated influence of external factors such as 

agronomic practices and weather on the organic acid content (Nwankno et al., 2012) 

and QTL for fruit acidity on blackcurrant linkage map was located (Brennan et al., 

2008). 

In contrast to °Brix, measure of the distribution of the progeny shows one simple 

distribution with one peak and one with two peaks; low acid and high acid content in 

apple (Brown and Harvey, 1971).  Low acid is thought to be a recessive character 

whereas medium-high acid is hypothesised to be dominant to the low-acid type.  

Acidity was shown to be likely controlled by a major gene (Ma) in apple.  Several 

acidity QTLs were mapped in apple to date (Maliepaard et al., 1998, Liebhard et al., 

2003, Kenis et al., 2008) indicating stable QTL with involvement of Ma gene.  Total 

acidity in ripe melon is also thought to be controlled by a single gene (Burger et al., 

2002) and QTL for individual organic acids have been mapped (Obando-Ulloa et al., 

2008).  Additionally Liu et al. (2007) observed that synthesis of organic acids is 

controlled by single genes with malic acid showing high heritability in grape. 
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1.2.2 Quality co-products from juice production 

 Essential fatty acids 1.2.2.1

Polyunsaturated fatty acids are important nutritive additives in humans (Christophe 

and Robberecht, 1996) and particularly -linoleic acid which has efficacy in 

alleviating conditions such as rheumatoid arthritis and atopic eczema as well as 

antitumour properties and hypocholesterolemic activity (Sugano and Ikeda, 1996, 

Wu et al., 1996).  Blackcurrant seed is a rich source of -linoleic acid (LA), -

linoleic acid (GLA) and other essential nutritional fatty acids (Jarret et al., 2013).  

Blackcurrant seed is a by-product of juice processing and might have potential utility 

in the nutriceutical industry.  The -linolenic acid content in blackcurrant seed 

generally varies between 11-19%, with some exceptional genotypes reaching 22-

24%, which is comparable to those of borage seed.  The other nutritionally important 

blackcurrant oils, -linolenic and stearidonic acids are present at 2-4% and 10-19% 

respectively (Ruiz del Castillo et al., 2001).  Additionally Stránský et al. (2005) 

indicated that blackcurrant oil remains stable during prolonged storage. 

1.2.3 Fruit ripening 

Several fruit quality components are regulated and determined at different stages of 

plant maturity (genetic control) as well as being influenced by the environment.  

Plant development is a part of the dynamic and complex process that involves 

coordinated regulation of several metabolic pathways, leading to the development of 

a soft and edible fruit with desirable quality attributes namely ripening (Giovannoni, 

2001).  The main changes in this genetically controlled process influence colour, 

flavour, aroma, texture and nutritional value of the fruit. 
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Berry development follows three distinct phases.  The first phase is characterised by 

tissue growth and is dominated by formation of the seed embryo, pericarp and 

exponential growth of the berry, including biosynthesis of hydroxycinnamic acids, 

tannins and several phenolic compound precursors and organic acids (Coombe, 

1992a).  At this stage astringency and bitterness as well as green colour help to deter 

frugivores from consuming fruit before they are ripe (Sanoner et al., 1999).  The 

onset of ripening encompasses the second phase, transition, during which growth 

declines, seed matures and there is an initiation of sugar accumulation, colour 

development (anthocyanin accumulation) and berry softening.  The last phrase, 

ripening, is characterised by additional berry growth, mainly due to cell expansion 

and accumulation of soluble sugars, anthocyanins and flavour-enhancing 

compounds. 

Analysis of the accumulation patterns of compounds involved in fruit ripening is 

essential in order to increase an understanding of huge changes in quality compounds 

accumulation and their control during fruit development. 

Two major changes that can be assessed organoleptically during fruit ripening are 

size and colour, however most of the quality traits in fruit are assessed at the 

laboratory using sensitive equipment including non-targeted and targeted methods.  

Liquid chromatography-mass spectrometry (LCMS), high performance liquid 

chromatography (HPLC), gas chromatography-mass spectrometry (GCMS) and a 

range of targeted methods (Maatta et al., 2003, Rubinskiene et al., 2005, Dobson et 

al., 2008, Gavrilova et al., 2011, Degu et al., 2014) are providing powerful analytic 

tools that can be utilised to quantify genetic and environmental variation for primary 

and secondary metabolites. 
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The developmental and hormonal changes that drive ripening are of great interest, 

but in contrast to the well-described processes in climacteric fruit such as tomato 

(Solanum lycopersicum), non-climacteric fruit species such as grape (Vitis sp.) and 

strawberry (Fragaria spp.) are under-investigated.  Blackcurrant (Ribes nigrum) is 

classified as a non-climacteric fruit which in contrast to climacteric fruit does not 

show an increase in respiration and does not respond to external ethylene application 

during ripening.  Non-climacteric fruit do produce small amounts of ethylene during 

ripening (Giovannoni, 2001) and it is considered that ethylene may be involved in 

the development and the aspects of ripening of non-climacteric fruit but only low 

levels of ethylene are required (Seymour et al., 2013).  Abscisic acid (ABA) is 

considered as a central regulator of ripening in non-climacteric fruit and it has been 

demonstrated that in fruits such as cherry (Prunus avium) and grape, ABA 

accumulates at ripening initiation (Kondo and Inour, 1997; Owen et al., 2009) which 

coincides with ABA biosynthetic gene expression (Wheeler et al., 2009).  

Application of ABA to grape can accelerate ripening and increase anthocyanin and 

sugar contents (Peppi et al., 2008) and inhibit those processes when ABA is silenced 

in strawberry (Jia et al., 2011).  In contrast Indole-3-acetic acid (IAA) appears to 

retard the ripening process in grape (Davies et al., 1997; Kondo and Inoue, 1997). 

It has been demonstrated that quality traits in fruit show divergent patterns of 

accumulation (Giovannoni, 2001, Osorio and Fernie, 2013).  In blackcurrant some of 

the key quality traits accumulation patterns were identified such as accumulation of 

sugars (Hancock et al., 2007) and anthocyanins (Mikulic-Petkovsek et al., 2015) 

throughout fruit development, early biosynthesis of ascorbic acid (Viola et al., 

2000), significant decrease of organic acids with advanced maturity of the fruit, or 

constant value such as fruit pH (Mikulic-Petkovsek et al., 2015). 
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Knowledge of the biosynthesis and regulation involved in fruit ripening is pivotal in 

order to increase an understanding of huge changes in quality compound 

accumulation during fruit development.  Metabolomic knowledge coupled with 

global transcriptome analysis increased understanding of those processes in other 

fruit species (Carrari et al., 2006, Fortes et al., 2011, Lombardo et al., 2011), and 

additionally this knowledge can be applied in the development of molecular breeding 

techniques assisting in breeding for complex quantitative quality traits and 

understanding of their heritability. 

1.3 Blackcurrant breeding 

Currently, breeding of new Ribes cultivars is undertaken by about 15 breeding 

programmes around the world.  The main centres of active cultivar improvement are 

located in Eastern Europe, Scandinavia, New Zealand and the UK. 

The blackcurrant breeding programme based in Scotland was initiated in the 1950s, 

with the aim to provide cultivars suitable for cultivation in northern parts of the UK.  

The breeding objectives included spring cold tolerance, even and earlier ripening and 

fungal disease resistance.  The ‘Ben’ series cultivars were continuously improved 

since the release of the first spring frost-escaping cultivar ‘Ben Lomond’ in 1972.  

Later flowering and better frost tolerance of this cultivar was achieved by 

introduction of germplasm from Scandinavia.  Further releases evaluated together 

with breeding objectives and enriched industry with cultivars with more consistent 

yields, more upright growth and higher branch strength that were suitable for 

machine harvesting, and higher pests and disease resistance.  More recently ‘Ben 

Hope’, a high yielding vigorous cultivar which is more resistant to gall mite 

(Cecidophyopsis ribis Westw.), is the most widely grown in the UK.  Increased 
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resistance to gall mite was introgressed from gooseberry (R. grossularia) (Knight et 

al., 1974).  Recent and new additions to the ‘Ben’ series include ‘Ben Starav’ and 

‘Ben Klibreck’, cultivars combining high juice quality with resistance to key pests 

and diseases.  Juice quality became equally important to agronomic traits as a result 

of demands from the processing industry and consumers, due to key traits and 

awareness of health benefits of berry fruit linked to its antioxidant properties.  

Moreover, the loss of many chemical controls and widespread moves towards 

Integrated Crop Management makes pest and disease resistance a crucial objective. 

1.3.1 Traditional Ribes breeding 

Breeding of new blackcurrant varieties is based on recurrent selection and 

backcrossing from seedling populations.  The initial selection is based on vegetative 

characters and after another two years, once plants reach maturity, fruiting characters 

are assessed (Figure 1.7). 

Blackcurrant is a perennial clonally-propagated outbreeding crop and evaluation of 

seedlings includes both phenotypic and genotypic selection.  Year on year 

differences in climatic conditions affect perennial crops grown in temperate regions 

and have an effect on many aspects of growth and development (Vagiri et al., 2013), 

therefore observation and evaluation over several seasons is essential (Janick and 

Moore, 1975).  Longer term agronomic traits like pest and disease resistance are 

more complex and require reassessment over several years.  Trialling of the most 

promising seedlings is continued on commercial sites, where breeding lines are 

grown under typical industry regimes and agronomic, developmental and fruit and 

juice quality assessments are made. 
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Ribes breeding is a long process, as with many other woody perennial fruit species 

such as Malus spp., Prunus spp. and some of Rosaceae spp. (reviewed by Hancock 

(2008)).  The breeding cycle is prolonged by plant establishment period and time 

until fruiting (Figure 1.7).  Glasshouse and field costs are currently increasing, 

making plant breeding a more expensive undertaking. 

The genetic control of many traits offers the potential for developing new tools for 

breeding through effective screening and phenotyping, particularly for traits that 

cannot be evaluated until the plant is mature such as fruit quality, and traits that 

require complex phenotyping procedures, such as developmental traits (e.g. 

dormancy).  The timescales and precision can be improved by development of 

genetic linkage maps and development of molecular markers (Weeden et al., 1994).  
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Figure 1.7  Blackcurrant breeding timescales at the James Hutton Institute. 
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1.3.2 Molecular markers 

The development and use of molecular markers for the detection and exploitation of 

DNA (deoxyribonucleic acid) polymorphism is one of the most significant 

developments in molecular genetics (Semagn et al., 2006b).  Genetic markers are 

areas on chromosomes that provide reference points to the location of genes of 

interest.  The association (linkage) of markers to genes controlling the traits is of a 

special interest for breeders developing new cultivars with desirable set of traits.  

Genetic markers can be detected at morphological and molecular levels and can be 

classified as morphological markers - visually assessable traits that influence 

phenotypic traits such as colour, size and shape of an organism; biochemical markers 

- allelic variations of an enzyme; or molecular markers - based on DNA variation 

that are detected at the sub-cellular level (Chawla, 2009). 

Molecular markers allow the identification and selection of genotypes before the 

traits are phenotypically expressed (Dirlewanger et al., 1998).  Plants can be 

screened for several traits where markers are developed at seedling stage and more 

effective and targeted breeding can be implemented. 

First forms of molecular markers were chemical assays of multiple forms of enzymes 

(isoenzymes).  Those assays detect variation in protein products, but use of 

isoenzymes is now limited due to the insufficient number of assays and their uneven 

distribution on the genetic map. 

Restriction fragment length polymorphisms (RFLP; Vos et al. (1995)) are the first 

generation of DNA markers and were first used in adeno-virus serotypes in 1970s 

(Sambrook et al., 1975) then in human genome mapping (Botstein et al., 1980) and 

later adopted in plant genomes (Weber and Helentjaris, 1989).  They became the 
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most widely used hybridization-based molecular markers (Semagn et al., 2006b), 

and one of the best ones for genome mapping of its time (Acquaah, 2010).  RFLP 

uses a technique based on comparison of restriction enzymes that reveal a pattern 

difference between DNA fragment sizes in individual organisms occurring due to the 

variability between the organisms caused by point mutation, insertion/deletion, 

translocation, inversion and duplication.  RFLP, however, requires large amounts of 

DNA and often radioisotopes, making this technique time consuming, laborious and 

expensive (Yu and Pauls, 1993). 

Development of polymerase chain reaction (PCR) technology allowed amplification 

of short segments of DNA and elimination of the laborious process of repeated 

cloning making use of molecular markers more affordable and easier to perform.  

Since that time many PCR-based markers were developed.  Amplified fragment 

length polymorphism (AFLP, Vos et al. (1995)) combining capabilities of RFLP 

with the flexibility of PCR technology by ligating primer-recognition sequences to 

the restricted DNA (Lynch and Walsh, 1998), random amplified polymorphic DNA 

(RAPD, Williams et al. (1990)) used for the selective amplification of specific short 

sequences, and simple sequence repeats (SSR, Tautz et al. (1986), also known as 

microsatellites (Litt and Luty, 1989), allowing the detection of a number of copies of 

random tandem repeats of two to five nucleotides within the genome, are widely 

used. 

The development and utilisation of co-dominant microsatellites had clear advantages 

in outbreeding diploid species such as Ribes (White and Powell, 1997).  A number of 

genetic tools and systems have been used in Ribes.  Germplasm was screened using 

RAPD markers and individual fingerprints for a number of cultivars were identified 

(Lanham et al., 1995). Additionally to RAPD, inter-simple sequence repeat (ISSR) 
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and AFLP markers were used in genetic characterisation of gooseberry (R. 

grossularia) (Lanham and Brennan, 1999) and blackcurrant (Lanham et al., 2000, 

Keller-Przybyłkowicz et al., 2006). 

More recently public accessibility to the genome sequences of several organisms has 

developed the study of sequence variation.  These studies revealed that single 

nucleotide polymorphisms (SNP) are highly numerous and distributed throughout 

the genome in various species including plants (Drenkard et al., 2000).  The 

abundance of polymorphism in plant genomes make the SNP marker an attractive 

tool for mapping and marker assisted breeding (Gupta et al., 2001). 

1.3.3 Genetic linkage map and quantitative trait loci (QTL) 

The markers and genes of interest they mark are placed closely together on the same 

chromosome and remain together as each generation of plants is produced.  Those 

regions can relate both to simple Mendelian traits controlled by single gene and 

quantitative traits exhibiting multigene control (Collard et al., 2005).  Relative 

distance between two DNA sequences on a genetic map is visualised by the 

frequency of inherited sequences.  Recombination frequency is an indicator of this 

relationship and the higher it gets it becomes less likely for two markers or genes to 

be inherited together.  In order to construct a genetic linkage map a segregating 

population needs to be established by crossing two genetically diverse parents.  

Segregating population is scored for recombination rate of the alleles present at each 

locus, which allows loci to be ordered on the linkage map and the relative distance 

between loci is analysed as recombination units.  One centiMorgan (cM) map 

distance is equivalent to one percent recombination (Semagn et al., 2006a).  Markers 

are mapped to a number of linkage groups equivalent to the chromosome haploid 
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number which in the case of blackcurrant is 8 (Keep, 1963).  Linkage between 

markers is usually calculated using odds ratios (the odds of linkage versus no 

linkage) called logarithm of odds (LOD) value or score (Risch and Giuffra, 1992).  A 

LOD value of 3 between two markers will indicate that linkage is 1000 times more 

likely than no linkage. 

The development of genetic linkage maps provide information of associations 

between important traits and genes or quantitative trait loci (QTL) (reviewed by 

Lynch and Walsh (1998)).  Markers are used to divide the mapping population into 

different genotypic groups based on the presence or absence of a particular marker 

locus and to determine whether significant differences exist between groups with 

respect to the measured trait (Collard et al., 2005).  A significant difference between 

phenotypic means of the groups indicates that the marker locus being used is linked 

to a QTL controlling the trait.  The closer the marker and the QTL the higher chance 

for them both to be inherited together in the progeny (Young, 1996). 

QTL mapping entails an analysis of the association between observed trait values 

and the presence or absence of alleles of markers that have been mapped onto a 

linkage map. 

AFLP and SSR - genomic and EST (expressed sequence tag: short sub-sequence of a 

complementary DNA (cDNA) sequences available in public database; NCBI) 

markers were found to be the most informative for the development of robust 

genotyping of breeding progeny (Graham et al., 2004a).  Construction of a genetic 

map was reported in fruit species such as apple (Malus) (Hemmat et al., 1994), 

peach (Prunus) (Dirlewanger et al., 1999), raspberry (Rubus) (Graham et al., 2004a) 

and strawberry (Sargent et al., 2004). 



 40 Chapter 1 

The first genetic linkage map for Ribes was developed by Brennan et al. (2008).  

Genomic and EST-derived SSRs, AFLP and SNP markers were used that allowed 

the location of several quantitative trait loci (QTLs) affecting phenological, 

agronomic and fruit quality traits that included resistance to gall mite, berry size, 

time of bud break and flowering, anthocyanin content and ascorbic acid levels 

(Brennan et al., 2008). 

Linkage mapping establishes a framework for the development of marker-assisted 

breeding strategies and allows dissection of the genetic control of key traits at 

molecular level. 

1.3.4 Marker assisted selection (MAS) 

Creation of dense genetic maps consisting of molecular markers and detection and 

definition of QTLs based on statistical association between markers and phenotypic 

variability are the main requirements for the implementation of marker assisted 

selection (MAS) on a set of breeding germplasm (Podlich et al., 2004). 

Fruit species within the Rosaceae are amongst those where the use of markers for 

selection of key traits has become widespread (Dirlewanger et al., 2004a).  Examples 

are markers for resistance to woolly aphid (Ericosma lanigerum) (Bus et al., 2000) 

and Venturia scab (Xu and Korban, 2002) in Malus, resistance to Colletotrichum 

acutatum (Lerceteau-Köhler et al., 2000) in strawberry and for resistance to 

Phytophthora root rot in raspberry (Weber, 2008, Graham et al., 2011). 

As a most immediate effect of the development of a genetic linkage map of Ribes 

was the development of a PCR-based marker linked to resistance to the blackcurrant 

gall mite (Cecidophyopsis ribis Acari: Eriophyidae) (Brennan et al., 2009).  The 
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segregation of the gall mite-resistant phenotype confirmed that a single gene was 

involved in this mechanism (Knight et al., 1974).  This PCR-based marker now 

provides a high-throughput screening system for gall mite resistance and is an 

integral part of blackcurrant selection process in the UK breeding programme 

(Brennan et al., 2012). 

The development of markers linked to QTLs for fruit quality and the identification of 

the genes involved has been addressed in Rubus and Ribes.  A number of 

nutritionally-relevant components and sensory characters were investigated and 

development of markers linked to quality traits is under development (Brennan and 

Graham, 2009). Additionally DNA microarrays were used to examine global gene 

expression in dormancy studies (Mazzitelli et al., 2007, Hedley et al., 2010) and 

there is ongoing work to identify and validate markers linked to these genes. 

In parallel with the advance in marker design there has been significant progress in 

the advances in sequencing technologies.  These technologies are often referred to as 

‘Second Generation Sequencing’ or ‘Next Generation Sequencing’ (2GS/NGS;(Wall 

et al., 2009)). 

1.3.5 Second Generation Sequencing (2GS) 

Second generation sequencing uses platforms such as the Illumina and the Roche 

454 FLX (Morozova and Marra, 2008).  Expressed Sequence Tags (ESTs) derived 

from the RNA-based transcriptome are very efficient to assist functional marker 

development and by coupling them with 2GS technologies, transcripts can be 

sequenced more efficiently and at a greater depth.  2GS technologies are now being 

applied to non-model species enabling cost-effective and less time consuming 

discovery of novel gene sequences.  The advantage of this approach is its usefulness 
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in species with unsequenced genomes, allowing a large number of single nucleotide 

polymorphism (SNP) and SSR markers to be identified (Ramos et al., 2009, 

Varshney et al., 2009).  Recently, a 2GS approach was successfully used in several 

non-model plant species including maize, grape and blackcurrant and for the latter 

over 7000 novel SNP and 3000 SSR markers were generated allowing construction 

of an improved high density genetic linkage map for Ribes (Russell et al., 2011).  

Genes responsible for important traits in blackcurrant, and putative QTL for some 

quality and processing traits have been located on the map. 

1.3.6 Genotyping by Sequencing (GbS) 

In order to enlarge scale of NGS, genotyping-by-sequencing (GbS) has been 

developed and applied in discovering and genotyping SNPs in crop genomes and 

populations. Advances in NGS contributed to the reduction of cost of DNA 

sequencing and GbS is affordable for many high diversity and large genome species 

(Elshire et al., 2011).  The main advantages of this system include low cost, ability 

to generate large numbers of SNPs (Beissinger et al., 2013), reduced sample 

handling coupled with fewer PCR purification steps and no reference sequence limits 

(Davey et al., 2011).  The GbS approach includes the digestion of genomic DNA 

using restriction enzymes (PstI/MspI) followed by the ligation of barcode adapter, 

PCR amplification and sequencing of the amplified DNA pool on a single lane of 

flow cells. Bioinformatic analysis is required to interpret GbS datasets. 

GbS has been successfully used in genomic diversity studies, genetic linkage 

analysis, molecular marker discovery and genomic selection under a large range of 

plant breeding programmes (Poland and Rife, 2012).  In fruit crops high density 

linkage maps using GbS were reported in melon (Nimmakayala et al., 2016), sweet 
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cherry (Guajardo et al., 2015), blueberry (Vaccinium) (McCallum et al., 2016) and 

raspberry (Ward et al., 2013). 

The GbS approach was also used in the development of a high-resolution linkage 

map in blackcurrant (Russell et al., 2014).  This application was particularly 

important for the identification of a large number of novel SNPs in a woody, large 

and heterozygous genome such as Ribes where genome size ~1.9 Gbp (Chiche et al., 

2003) with often limited genomic resources. 

1.3.7 Microarrays 

Microarrays are genomics tools that provide the ability to discover changes of the 

expression of multiple genes involved in complex traits and aid understanding of 

their regulation and interactions within the plant.  This hybridization technology 

currently is the most widely used method for global transcriptome profiling (Slater et 

al., 2008), although new methods are being developed with RNA-seq 2GS.  It 

enables a large number of different sequences to be analysed simultaneously.  DNA 

microarrays are microscopic arrays of single stranded DNA molecules immobilised 

on a solid surface.  A microarray experiment is conducted in steps of sequence 

selection, custom array platform fabrication, fluorescent labelling of test cDNA or 

RNA, hybridisation and analytical interpretation.  Relative abundance of mRNA 

from each gene is measured as a differential hybridization to a DNA microarray of 

fluorescently labelled cDNA prepared from the two mRNA samples (Chawla, 2009).  

One of the primary goals of microarray testing is that gene expression provides 

indirect information about gene function. 

Microarrays have been used in expression studies across many woody plant species 

and application of gene expression profiles in plant tissues at different 
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developmental stages or comparison of transcript changes between different 

genotypes have been studied (Alba et al., 2004, Clarke and Zhu, 2006).  

Identification of genes differentially expressed during fruit development was 

successfully applied in apple (Soglio et al., 2009), peach (Trainotti et al., 2006) and 

in pear (Fonseca et al., 2004).  Additionally, studies of more targeted approach 

leading to discovery of new candidate genes of particular quality trait of tuber 

anthocyanin accumulation were applied (Stushnoff et al., 2010). 

In blackcurrant candidate genes associated with bud dormancy were studied using 

microarray technology (Hedley et al., 2010).  Transcriptome sequencing was 

performed on developing bud tissue of two blackcurrant mapping parents.  Illumina 

RNA-seq (2GS) reads (paired-end 75nt) were assembled using Trinity software 

(http://trinityrnaseq.sourceforge.net/). Orientation of assembled transcripts was 

determined by homology searches of predicted peptides using the BlastX algorithm 

against public plant databases (peach, apple, grape and Arabidopsis).  Orientated 

transcripts were used to design a custom 60k expression array using eArray software 

(https://earray.chem.agilent.com/earray/), with 1x 60mer probe per transcript. 

Markers developed from expressed sequences can immediately be a valuable 

resource in breeding allowing for early selection for complex traits related to fruit 

quality. 

1.3.8 Candidate gene identification 

One of the main objectives when deploying molecular breeding is an identification 

of genes controlling important traits.  A candidate gene is a gene located on a 

genome considered to be involved in the expression of a particular trait.  Several 

approaches into the identification of candidate genes are studied (Pflieger et al., 
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2001).  One of the described earlier approaches involves QTL mapping however it is 

also possible to obtain candidate genes prior to QTL analysis. 

One of the approaches into identification of candidate genes is functional candidate 

gene analysis.  This strategy involves advance selection of genes with suspected 

relation to the trait of interest based on the knowledge of biochemical and/or 

physiological pathways related to the trait of interest.  This approach helps in 

understanding signalling mechanisms of the biosynthetic pathways.  Fruit quality is 

directly proportional to the metabolites present in it, and secondary metabolites are 

synthesised through specific common biosynthetic pathways that are associated with 

enzymes encoded by structural and regulatory genes.  Structural genes in metabolic 

pathways can be controlled by positive or negative regulators (Busby, 1999).  

Activator proteins bind to the chromosome effecting the increase in the transcription 

of an vicinal gene, repressor proteins act by binding to an operator or promoter 

preventing the transcribing of RNA (Busby, 1999).  If a correlation is found between 

a trait and a putative gene and subsequent allelic polymorphism is detected within, 

the gene may demonstrate to be linked to phenotypic variability (Pflieger et al., 

2001).  If no polymorphism is present then the candidate gene can be excluded.  This 

approach assumes that the presence of molecular polymorphism is linked to 

phenotypic variation. 

1.3.9 Validation approaches 

Translation of the genomic approaches of products such as QTL and molecular 

markers into practical application and robust tools for crop improvement requires the 

validation step, often referred to as stability or robustness evaluation (Peace et al., 

2014).  The common validation approach is to examine whether the alleles of QTL-
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linked markers detected in an experimental population remain significantly 

associated with phenotypic differences in other cultivars and populations.  The latter 

within the same species do not need to be related to an experimental population and 

a wider range of population and bigger the size the more robust validation outcome 

is expected.  Additionally, molecular markers associated with QTL should be tested 

on individuals and populations across different environments to assess the impact of 

environment on genetic diversity (Iwanami, 2011). 

 Kompetitive Allele Specific PCR (KASP) 1.3.9.1

KASP is a multiplex genotyping technology based on allele-specific oligo extension 

and fluorescence resonance energy transfer (Kumpatla et al., 2012).  Bi-allelic 

discrimination is attained through the competitive binding of the two allele-specific 

forward primers.  If the genotype at a given SNP is homozygous, only one of the two 

possible fluorescent signals will be generated.  If the genotype is heterozygous, a 

mixed fluorescent signal is visible.  This approach is applied in genotyping a wide 

range of species (Imai et al., 2013, Lister et al., 2013, Holdsworth and Mazourek, 

2015, Baumgartner et al., 2016) and utilised for homogeneity analysis, QTL 

mapping and large scale allele mining (Semagn et al., 2014).  In the validation step 

of QTL mapping, KASP assays are particularly useful as they assist in multiplex 

screening of single nucleotide polymorphism indicating segregation patterns that can 

be then linked to phenotypic data of the individuals confirming if selected SNPs are 

true allelic variants.  This is a highly time- and cost-effective technique for the 

preliminary screening of the experimental population and cultivars that were not a 

subject under development of QTL. 
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1.4 Aims and objectives of the study 

In the light of quality components of blackcurrant fruit continuously increasing in 

importance for the consumer, processor and in the breeding programmes, and the 

challenges due to the complexity of inheritance of those qualitative traits coupled 

with long timescales of breeding in perennial crops, the need for a better 

understanding of such traits, their variation and the development of precise selection 

techniques based on molecular quality-orientated breeding is required. 

The aim of the present study was to link transcriptome and metabolome data 

throughout fruit development in order to correlate the accumulation of quality 

associated fruit components with the expression of specific genes in blackcurrant 

Ribes nigrum L.  Such work will increase our understanding of fundamental 

processes involved in biosynthesis and regulation of quality traits, as well as indicate 

whether synergies of those processes exist in other fruit crops and identify potential 

candidate genes with suspected functions in particular quality traits. 

To further this knowledge, the development of marker-assisted breeding platforms 

for quality traits through the development of a new improved linkage map 

segregating for the range of quality traits and association of QTL regions with 

molecular markers was pursued. 

Finally, mapping of candidate genes identified through metabolome-transcriptome 

correlation and preliminary validation of molecular markers underlying QTL of 

interest was performed, together with the identification of potential candidate genes 

that may have application in marker-assisted breeding of improved blackcurrant 

cultivars in the James Hutton Institute programme. 
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2.1 Cultivation 

2.1.1 cv.Ben Finlay 

Bushes of blackcurrant (Ribes nigrum L.) cv. Ben Finlay were planted in 2004 and 

grown at the James Hutton Institute in Dundee, Scotland, UK (56°27’N, 3°04’W), in 

sandy silt loam series Carpow at a spacing of 1 m in a row with 3 m alleyways 

maintained under a grass strip.  Plants were grown under standard industry regimes 

for fertiliser and pest control. 

 Sample collection 2.1.1.1

Blackcurrant fruits were collected in 2011 from three replicate plants at six stages of 

development previously established in a blackcurrant metabolic study (Viola et al., 

2000).  Harvest was carried out on the following dates: small green fruit (<6 mm) 

4th May, large green fruit (> 6mm) 24th May, green/red fruit 3rd June, red fruit 22nd 

June, ripe fruit 24th July. From each stage, 50 g samples were collected in two 

separate 15 mL tubes, fresh fruit for immediate analysis or rapidly frozen in liquid 

nitrogen (N2) and stored at -80°C until extraction. 

2.1.2 Mapping population 

The mapping population designated MP7 comprised of a F1 full-sib (full brother or 

full sister; individuals with both parents in common) progeny from a cross between 

two diverse breeding lines cv. Ben Finlay (seed parent) and Hedda (pollen parent).  

The cross was made by hand in an insect-proof glasshouse in 2001 at the James 

Hutton Institute (formerly The Scottish Crop Research Institute) Dundee, Scotland, 

UK (56°27’N, 3°04’W).  The parental types were selected for their diversity across a 

range of fruit quality traits (Russell et al., 2011).  Hedda originates from Scandinavia 
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and exhibited low values of some of quality traits such as ascorbic acid in previous 

studies (Hancock et al., 2007) and ‘Ben Finlay’ originating from Scotland had very 

high levels of anthocyanins and ascorbic acid in breeding assessments (Rex Brennan, 

personal communication).  A mapping population of 142 individuals was raised in 

the glasshouse from seed, and the population was planted in the East Loan field as 

experiment H19 in 2003 as an unreplicated trial.  Field was maintained in Carpow 

series sandy silt loam at spacing of 1 m in a row with 3 m grass alleyways under 

standard industry regimes.  An additional subset of this mapping population was 

established in 2011 in Hereford, UK in order to test environmental impact on trait 

expression in this population. 

 Sample collection 2.1.2.1

Fruit samples at their full ripeness were collected from all MP7 plants in the years 

from 2009-2014.  Fruit samples were placed in plastic bags and transferred to the 

laboratory for weight assessments and then frozen at -20°C prior to further analysis. 

2.2 Fruit analysis 

2.2.1 100 Berry weight 

25 berries were counted and weighed on scales (Mettler Toledo AB54-4, 

Switzerland) for the fresh weight assessment and then lyophilised for 24 hours in a 

Christ Alpha L4 LSC freeze drier.  Dried fruit was then removed and powdered by 

hand in mortar and pestle and weighed for dry weight assessment.  All weights were 

adjusted to 100 berries. 
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2.2.2 Fruit diameter and firmness 

Fruit diameter and firmness (hardness) were measured using a compression method 

with a QTS-25 Texture analyser (Brookfield Engineering, UK).  The work done per 

unit weight of berry at a set compression level was determined using a compression 

plate.  The texture analyser was fitted with a 25 Kg load cell to drive an aluminium 

probe of 40 mm diameter and 80 mm length.  The trigger point was set at 0.049 

Newtons (0.005 Kg) and the probe used at a speed of 30 mm/min.  The individual 

fruit was positioned on the plate lying transversally.  Diameter of the fruit was 

measured at the point of plate coming into contact with the fruit surface.  Parameters 

measured characterising fruit firmness were Work done [J – Joule] and Peak load [N 

– Newton], where J=N/sec and N is a force [g] required to compress a fruit to obtain 

20% deformation. 

2.3 Metabolite analysis 

2.3.1 Juice extraction 

All chemicals were purchased from Sigma-Aldrich, Fisher Scientific or BDH 

laboratories unless stated otherwise.  Water used in analyses was purified using a 

UHQ water purification system (ELGA-PureLab option-Q, Elga Ltd., High 

Wycombe, UK). 

25 g fruit sample of each fruit stage was removed from -80°C storage and allowed to 

thaw for 4 h at room temperature (20°C).  25g µL aliquot of Pectinex 5X was added 

in order to maximise juice yield and minimise juice viscosity.  Fruit was then 

blended in a Waring blender (Model 8011EB, Torrington, USA) for 60 sec.  Samples 

were placed in 15 mL tubes and left to digest at room temperature (20°C) overnight.  
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Insoluble material was removed by centrifugation (5000 g, 10°C, 20 min) using an 

Eppendorf 5810R centrifuge (Eppendorf, Germany) followed by filtration through 

paper discs (Whatman no 1, Whatman International, Maidstone, UK).  The filtrate 

was divided into small aliquots and stored in eppendorf tubes at −20°C until 

analysis. 

 Total soluble solids analysis 2.3.1.1

Juice aliquots were thawed for 4 hours at room temperature (20°C) and centrifuged 

at 16 000 x g for 5 min at 1°C.  Juice °Brix was estimated using a Palette 100 PR-

100 (Atago Co., Ltd, Tokyo) digital refractometer zeroed against distilled water. 100 

µL aliquot was placed directly on the refractometer prism and the reading was 

recorded.  The prism was cleaned with dry tissue between readings. 

 pH measurements 2.3.1.2

Juice pH was measured in 15 ml tubes once the solids were separated during juice 

extraction (section 2.3.1).  A pH meter (Hanna Instruments pH210, UK) was 

calibrated against pH 4.0 and 7.0 buffers and reading was recorded for 6 stages of 

fruit juice aliquots. 

 Ascorbic acid extraction from whole fruit 2.3.1.3

Frozen fruit was ground in a mortar and pestle to a powder in liquid N2, weighed and 

5% (w/v) metaphosphoric acid containing 5 mM tris(2-carboxyethyl)phosphine 

hydrochloride was added at a ratio of 10 mL g FW
-1

 and left to thaw.  The 

homogenate was centrifuged (16 000 x g for 5 min at 1°C) and the supernatant stored 

at -20°C prior to analysis. 
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2.3.1.3.1 Ascorbic acid quantification 

Extracted aliquots (section 2.3.1.3) were thawed at room temperature, centrifuged in 

Eppendorf Centrifuge 5415R (16 000 x g, 5 min, 1°C) and the supernatant 

transferred to HPLC microvials (VWR, 0.3 mL with 9 mm rubber screw cap).  

Ascorbic acid (AsA) was quantified using a Dionex HPLC system (Thermo Fisher 

Scientific, UK) equipped with an ASI – 100 Automated Sample Injector, UHPLC
+
 

focused UltiMate 3000 pump, and a UVD 340 U Detector using diode array 

detection. 20 µL sample was injected onto a 150 x 4.6 mm C18 5u Adsorbosphere 

column with carbo-H+ guard cartridge (Phenomenex, Macclesfield, UK) maintained 

at 30°C.  Ascorbate was eluted in a gradient comprising 0.1% (w/v) aqueous 

trifluoracetic acid (Eluent A) and 100% methanol (Eluent B) and quantified by 

absorbance at 245 nm with reference to a standard curve.  Mobile phase was pumped 

at 0.8 ml min
-1

 using the following linear gradient; 0-4 min, 100% A, 4-7 mins, 70% 

A and 7-11 min, 100%.  Results represent total ascorbic acid equivalent and were 

corrected against acalibration curve in the range from 100-500 µg/mL.  The method 

was standardised by assessment of ascorbic acid oxidation to dehydroascorbic acid 

by comparison of the results with and without the use of reducting agent (TCEP -  

tris(2-carboxyethyl)phosphine hydrochloride).  No significant differences were 

recorded. 

2.3.2 Extraction of organic acids, sugars, anthocyanins and polyphenols 

Frozen fruit was ground by hand in a mortar and pestle in liquid N2 and extracted in 

50% (v/v) methanol containing 1% (v/v) formic acid at a ratio of 10 mL g FW
-1

.  The 

homogenate was centrifuged (16 000 x g for 5 min at 1°C) and the solvent removed 

from the supernatant by evaporation at reduced pressure in a Savant SpeedVac 
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(Thermo Scientific, UK) at 45
o
C for 60 min.  The remaining aqueous solvent was 

then snap frozen and lyophilised.  Dried samples were stored at -80°C until further 

analysis. 

 Organic acid quantification 2.3.2.1

Organic acids were quantified by high-performance anion-exchange chromatography 

with conductivity detection (HPAEC-CD) on a Dionex (Thermo Fisher Scientific, 

UK) ICS 5000 system equipped with an AS—P sampler, an ICS – 5000 DC oven 

and ICS  -5000 DP gradient pump and a conductivity detector fitted with a 4 mm 

ASRS 300 suppressor following method described by Nwankno et al. (2012).  

Organic acids were separated using a 4 X 250 mm IonPac AS11HC column fitted 

with a 4 x 50 mm AS11HG guard/precolumn.  Prior to analysis, freeze dried aliquots 

(section 2.3.2) were re-suspended in 1 mL water and centrifuged (16 000 x g, 5 min, 

1°C) then diluted further in 1:5 ratio in water and placed into 2 mL HPLC vials fitted 

with pre-slit silicone septa caps. 25 µl of sample was injected and organic acids were 

separated in a two buffer system comprising 10% MeOH in water (Eluent A) and 

100mM NaOH in 10% methanol (Eluent B).  Eluent flow rate was 1.5 mL min
-1

 and 

the linear gradient profile was 0-5 min, 10% A, 5-8 min, 25% A, 8-18 min, 30% A, 

18-23min, 60% A, 23-24 min, 80% A, 24-30 min, 10% A. Organic acid 

concentration was estimated against standard curves constructed using malic, oxalic 

and citric acids in the range from 0.2 – 1 mg mL
-1

. 

 Sugar quantification 2.3.2.2

Sugars were quantified using High-Performance Anion-Exchange Chromatography 

with Pulsed Amperometric Detection (HPAEC-PAD) on a Dionex ICS-5000 system 

equipped as described above with the exception that the detector was a pulsed 
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amperometric detector fitted with a gold electrode following method described by 

Nwankno et al. (2012).  Dried samples were removed from the freezer and re-

suspended in 1 mL of purified water.  Aliquots were then centrifuged at (16 000g, 5 

min, 1°C) and diluted 1:100 in water to give total dilution of 1:1000.  Aliquots were 

centrifuged and the supernatant was transferred to HPLC vials.  Sugars were 

separated isocratically using 200 mM NaOH mobile phase pumped at 1.0 mL min
-1

 

and their quantities were estimated with reference to appropriate standard curves 

ranging in concentrations of 2-20 µg mL
-1

. 

 Total anthocyanins 2.3.2.3

2.3.2.3.1 Differential spectrometry 

Total anthocyanins were estimated following method of (Lee et al., 2005) by 

differential spectrophotometry in buffers at pH 1.0 and at pH 4.5.  pH 1.0 buffer was 

prepared using potassium chloride at 0.2 M with the pH adjusted with 0.2 M HCl.  

pH 4.5 buffer consisting of sodium acetate at 0.1 M was prepared and adjusted to pH 

4.5 with HCl.  Prepared fruit extract (section 2.3.2) was diluted 50-fold into either 

0.2 M KCl/HCl buffer pH 1.0 or 0.1 M sodium acetate buffer pH 4.5 and placed into 

disposable plastic cuvettes.  Absorbance in both samples was determined within 20-

50 minutes from preparation at 510 and 700 nm against buffer blanks using U-3010 

UV-Visible scanning spectrometer (Hitachi, Japan).  Anthocyanin concentration was 

calculated according to the following equation and presented as delphinidin 3-

rutinoside equivalents with a molecular mass of 647 Da: 

A=[(A510-A700)pH 1.0] - [(A510-A700)pH 4.5] 
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where A – absorbance,  A510 and A700 absorbance values at 510 and 700nm 

respectively. Anthocyanin concentration = A/12100 M 

For analysis of total anthocyanins in the mapping population, the method was scaled 

down for use in a 96 well plate (NUNC, Thermo Fisher Scientific).  2 µl of 1:100 

(v/v) of juice and buffer solution was placed in multiplate well.  Readings were 

recorded on a spectrometer and calculated as described in section 2.3.2.3.1. 

 Total phenolics 2.3.2.4

Total phenolics were analysed using spectrophotometry following method described 

by Stevanato et al. (2004).  Triplicate prepared fruit extracts (section 2.3.2) were 

diluted 1:10 in water and 690 μL 100 mM potassium phosphate (pH 8.0), 100 μL 30 

mM 4-aminophenazone, 100 μL 20 mM H2O2 and 10 μL 100 U ml
-1 

horseradish 

peroxidase were added.  Samples were then vortexed for 5 min and transferred to 

cuvettes.  Standard curve was prepared using catechin at 100, 200, 400, 600, 800 and 

1000 μg ml
-1

 diluted from 100 mg ml
-1

 stock solution in 50% methanol to 1 mg ml
-1

 

in water.  Samples were incubated for 5 min in room temperature and read on U-

3010 UV-Visible scanning spectrometer (Hitachi, Japan) at 500 nm. 

2.3.3 Chlorophyll a, b and carotenoids 

Plant pigments were identified following method described by Wellburn and 

Lichtenthaler (1984).  Fruit was harvested into liquid N2, lyophilised and powdered 

by hand in mortar and pestle.  Dried fruit was then extracted in 50 volumes in 80% 

acetone and end-over-end mixed for one hour in the dark at 4°C.  Chlorophyll a, 

chlorophyll b and carotenoids were estimated by differential spectrometry on U-3010 

UV-Visible scanning spectrometer (Hitachi, Japan) in the cleared extract.  Samples 
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were spun down in a centrifuge and the supernatant was transferred to cuvettes.  

Absorbance was measured at 663 nm, 646 nm and 470 nm and the concentration of 

photosynthetic pigments calculated following the equations: 

 

𝐶𝑎  =  12.21𝐴663 –  2.81𝐴646 

𝐶𝑏 = 20.13𝐴646 − 5.03𝐴663 

𝐶𝑥+𝑐 =
1000𝐴470 − 3.27𝐶𝑎 − 104𝐶𝑏

229
 

where Ca – Chlorophyll a, Cb – chlorophyll b, Cx+c – total amounts of carotenoids 

and Ca+Cb - total amount of chlorophyll all expressed in [µg (ml of plant extract)
-1

]. 

A663 – absorbance value at 663 nm wavelength, A646 - absorbance value at 646 nm 

wavelength, A470 - absorbance value at 470 nm wavelength. 

2.3.4 Extraction of fruit for analysis by GC-MS 

Standards and reagents were purchased from Sigma-Aldrich Co. Ltd. (Poole, UK).  

Solvents were of analytical grade and were supplied by Fischer Scientific UK 

(Loughborough, UK).  GCMS extraction was made following method described by 

(Foito et al., 2009) with slight modifications of used materials.  Fruit was freeze 

dried and powdered by hand using a mortar and pestle.  Approximately 50 mg of 

powdered material was weighed into glass tubes and the weight recorded.  Powdered 

fruit was extracted with 100% methanol (3 mL) to which the internal standards 

ribitol (100 µL, 2 mg/mL in water) and methyl nonadecanoate (100 µL, 0.2 mg/mL 

in methanol) were added. The mixture was shaken on a vortex shaker for 30 mins at 

30°C. Water (0.75 mL) and chloroform (6 mL) were added sequentially, and the 
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mixture was shaken at 30°C for 30 min after each addition.  Finally, water (1.5 mL) 

was added and mixture was shaken by hand and then separated by centrifugation for 

10 min generating a biphasic system.  The upper (polar) and lower (non-polar) 

fractions were isolated by pipette and taken for immediate analysis or alternatively 

stored at -20°C. 

 Derivatisation of polar compounds 2.3.4.1

An aliquot of 250 µL of the polar fraction was transferred to glass tubes and 

evaporated using a centrifugal evaporator for 60 min.  80µL of methoxylamine 

hydrochloride (20 mg⁄mL) in pyridine was added to each glass tube and the 

oximation reaction was allowed to proceed at 50°C for 4 h. 80 µL of N-methyl-N-

(trimethylsilyl)-trifluoroacetate (MSTFA) was added to each sample and incubated 

for a further 30 mins at 37
°
C to generate trimethylsilyl derivatives.  A retention 

standard mixture was prepared containing undecane, tridecane, hexadecane, 

eicosane, tetracosane, triacontane, tetratriacontane and octatriacontane; each at a 

concentration of 0.2 mg⁄mL in isohexane, and 50 l was evaporated in an 

autosampler vial in a room temterature.  40 µL of derivatised polar sample was 

added to the autosampler vial containing evaporated retention standards and pyridine 

was added at a ratio of 1:1.  Samples were analysed by Thermo Finnigan Tempus gas 

chromatography-time of flight-mass spectrometry GC(TOF)MS system as described 

below. 

 Derivatisation of non-polar compounds 2.3.4.2

4 mL of the non-polar fraction was transferred to glass tubes and evaporated to 

dryness using a centrifugal evaporator for 60 min.  Sulphuric acid solution was 
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prepared at 1% (v⁄v) in methanol.  1 mL of chloroform and 2 mL of methanolic 

sulphuric acid solution were added to the dried sample and trans-esterified at 50°C 

for 16 h.  5 mL of aqueous sodium chloride (5% w⁄v) and 3 mL of chloroform were 

added, manually shaken and left to separate into two layers.  The upper phase was 

discarded and the lower chloroform layer was shaken with 3 mL of aqueous 2% 

(w⁄v) potassium bicarbonate.  The extract was left to separate into two layers, and the 

lower chloroform-containing layer was collected and dried by passage through a 

Pasteur pipette containing a short column of anhydrous sodium sulphate.  Columns 

were washed with 2 ml of chloroform that was added to the sample and evaporated 

to dryness in a centrifuge for 60 min.  The concentrate was solubilised in 50 μL 

chloroform, 10 μL pyridine and 40 μL of N-methyl-N-(trimethylsilyl)-

trifluoroacetamide (MSTFA) were added and the fraction was silylated at 37°C for 

30 min. 

 GC separation and analysis of polar and non-polar fractions 2.3.4.3

1 µl of sample was injected into a programmable temperature vaporizing (PTV) 

injector with a split of 80:1.  The PTV conditions were injection temperature 132°C 

for 1 min, transfer rate 14.5°C s
-1

, transfer temperature 320°C for 1 min, clean rate 

14.5°C s
-1

 and clean temperature 400°C for 2 min.  DB5-MSTM column was used 

(15 m x 0.25 mm x 0.25 μm; J&W, Folsom, CA, USA) using helium at 1.5 mL⁄ min 

in constant flow mode as a mobile phase.  The GC temperatures were 100°C for 

2.1 min, 25°C ⁄ min to 320°C, then isothermal for 3.5 min.  The GC–MS interface 

temperature was 250°C.  Mass spectra were acquired under electron impact (EI) 

ionization conditions at 70 eV over the mass range of 35–900 a.m.u. at four 

spectra ⁄ s with a source temperature of 200°C and a solvent delay of 1.3 min. 
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Acquisition rates were set to give approximately ten data points across a 

chromatographic peak.  Data were acquired using the XCALIBUR
TM

 (Thermo 

Scientific, Waltham, MA, USA) software package v. 1.4.  A list of detected 

compounds with masses and retention times is provided in Supplementary table 

S3.2. 

2.3.5 High Performance Liquid Chromatography – Mass Spectrometry (LC-

MS) 

Samples were prepared by adding 1 µL of 0.5 mM Morin and 1 µL of 2 µM 

Reserpine to 100 µL aliquot of previously prepared extract (section 2.3.2).  The 

extract supernatants were transferred to glass vials with insert (Thermo-Fisher Ltd. 

Hemel Hempstead, UK).  The samples were stored in the auto sampler at 10°C and 

analysed within 72h of sample preparation in both negative and positive electrospray 

ionisation (ESI) mode.  HPLC separations were performed with a Thermo Accela 

600 HPLC system using a Phenomenex Gemini-NX C18 150 x 2 mm column (5 µm 

particle size, 110 Ǻ, PN 00F-4454-B0, Phenomenex Ltd., Macclesfield, UK). 

The HPLC was operated at a flow rate of 200 µL/min, the column was maintained at 

a temperature of 30°C.  Solvent A was 0.1% formic acid in water and solvent B was 

HPLC grade acetonitrile (Fisher Scientific Ltd. Loughborough, UK) containing 0.1% 

[v/v] mass spectrometry grade formic acid (Fisher Scientific Ltd. UK, P/N A117-50).  

Prior to sample analysis a new HPLC column was conditioned with solvents A and 

B for a minimum of 40 min at a flow rate of 200 µL/min.  A sample injection 

volume of 10 µL was employed in partial-loop mode.  The gradient programme was 

as follows: 15% B hold 0-5 min, 15-35% B 5-20 min, 35-50% B 20-21 min, 50% B 

hold 21-25 min, 50-100% B 25-26 min, hold 100% B 26-28 min, 100-15% B 28-29 
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min, 15% B hold 29-35 mins.  Auto sampler syringe and line washes were 

performed with 80% HPLC grade acetonitrile.  The HPLC column eluent was first 

monitored by using an Accela PDA detector where spectra were collected in 

wavelength/absorbance mode from 200-600 nm with a filter bandwidth and 

wavelength step of 1 nm, the filter rise time was 1 sec, the sample rate was 10 Hz.  

Additionally three channel set points were employed: Channel A 280 nm, Channel B 

320 nm, Channel C 520 nm, with a bandwidth of 9 nm and a sample rate of 10 Hz. 

The PDA detector eluent was next transferred to the Thermo LCQ-Fleet mass 

spectrometry system operated under Xcalibur software (Thermo-Fisher Ltd., UK).  

Mass spectra were primarily collected in full scan mode (m/z 100-2000).  In 

addition, a data-dependent secondary scan event was applied to collect MS
2
 CID 

fragmentation spectra within the LCQ based upon the top four most intense ions as 

defined within the preliminary full MS scan (providing ions gave a minimum signal 

of 1500 counts).  All data were collected in the centroid mode.  A scan speed of 0.1 

seconds per scan was applied.  The Automatic Gain Control was set to 2000 and 500 

for the full scan and MSn scan events respectively.  Prior to the analytical run the 

LCQ was tuned to optimise conditions for the detection of ions in the mid detection 

range of m/z 100-2000, as well as being calibrated with the manufacturers 

recommended calibration mixture and procedure.  The ESI conditions were 

optimised to allow efficient ionisation and ion transmission without causing insource 

fragmentation.  The following settings were applied to ESI: Spray voltage -3.5kV / 

+4.5kV; Sheath gas 35; Aux gas 15; Capillary voltage +35V / -35V; Tube lens 

voltage -100V / +90V; Capillary temperature 380°C.  A control extraction blank 

sample was analysed at the start and end of the analytical block, providing a measure 

of the sample background and also a measure of compound carry over resulting from 



 62 Chapter 2 

dirtying of the ESI source throughout the sample run.  The individual berry samples 

were completely randomised with respect to their analysis order.  List of detected 

compounds with masses and retention times is provided in Supplementary table 

S3.2. 

For mapping population the method was used with the modification of only one 

ionization mode of detection used (positive mode - identification of anthocyanins) 

with a shorter 35 min programme with the gradient starting at 15% B, 15% B at 15 

min, 25% B at 20 min, 50% B at 21-25min, 100% B at 26-28min, 15% at 29-35min 

and a 4 min divert to waste as start of the programme.  The list of quantified 

compounds is provided in Supplementary table S6.1. 

2.3.6 Seed and fruit lipid analysis 

Gas chromatography mass spectrometry was used with assistance of Mylnefield 

Lipid Analysis laboratory to identify fruit and seed lipids in developing fruit.  Whole 

fruit or seed only samples were placed in the freeze drier for 22 hr to ensure all 

samples were at the same dryness.  Seed was dissected from fruit using a scalpel to 

separate it from flesh and skin.  Fruit or seed were then extracted as follows.  Internal 

standard solution was prepared by weighing 234.3 mg of C17:0 methyl ester into a 

50 mL volumetric flask, which was then dissolved and made up to the mark in 

toluene (Fisher HPLC Grade).  The samples were transferred to weighed glass test 

tubes and reweighed.  20-200 mg of plant material was used for further analysis.  A 

volume of C17:0ME IS was added to the samples (based on the weight).  Additional 

volumes of toluene were added, if applicable, so the total volume of toluene added to 

the sample was 1000 µl.  The sample/IS in toluene mixture was blended using a 

Turrax Blender for 1 min.  2 ml of 0.5M Sodium methoxide in dry methanol was 
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added and the mixture blended for a further 2 min.  The test tube was stoppered and 

placed in a heating block at 50°C for 10 min.  The test tubes were removed and 100 

µl Glacial Acetic Acid was added to stop the reaction.  5 mL Saturated Sodium 

Chloride solution was added followed by 2 ml iso-hexane + BHT (50 mg/l) then the 

tube stoppered and shaken.  The layers were allowed to settle.  The upper isohexane 

layer was removed and passed through a prewashed sodium sulphate column to 

remove any water.  A further 2 mL of isohexane was added to the aqueous layer and 

the process repeated.  The sodium sulphate column was rinsed with 1 mL isohexane 

+ BHT.  Solvent volume was reduced using a flow of nitrogen to increase the 

concentration going on to the GC to around 5 mg/mL.  1 µl of the sample Fatty Acid 

Methyl Ester was injected into the GC using Cp-wax 52CB (25 m x 0.25 mm i.d. x 

0.2 µm Df; Part No. CP7713, Varian, UK) column.  Carrier gas used was hydrogen 

at 40 ml/min.  Injector temperature was set at 230°C and detector temperature at 

300°C.  Detection programme was set at follows: 170°C for 3min, 170-220°C at 

4°C/min, 220°C for 10 min at a flow rate of 1 ml/min. 

2.4 Transcriptomic analysis 

2.4.1 Total RNA extraction 

Samples were ground to a powder in liquid N2 with a mortar and pestle and 2 g of 

material was transferred into 50 mL falcon tubes.  Pre-warmed (65°C) extraction 

buffer consisting of 300 mM tris-HCl pH 8.0, 25 mM EDTA, 2% (w/v) 

cetyltrimethylammonium bromide, 2 M NaCl, 2% (w/v) polyvinylpolypyrrolidone, 

0.5 g 1
-1

 spermidine and 2% (v/v) 2-mercaptoethanol was added to frozen powdered 

fruit at a ratio of 6:1 (v/w).  Samples were mixed and incubated at 65°C for 30 min 

with vigorous mixing every 5 min.  Following incubation, samples were centrifuged 
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(3000 x g, 15 min, 4°C) and filtered through miracloth (Merck Chemicals Ltd., 

Nottingham, UK) into 50 mL Oak Ridge tubes prior to a second centrifugation at 

13,000 x g for 30 min (4°C).  The sample supernatant was combined with an equal 

volume of chloroform:isoamyl alcohol (24:1) and mixed by inversion.  Phase 

separation was achieved by centrifugation (13,000 x g, 5 min, 4°C) and the upper 

aqueous layer extracted a second time with chloroform:isoamyl alcohol.  

Carbohydrates and nucleic acids were precipitated by the addition of 0.1 volumes 

3 M sodium acetate and 0.6 volumes propan-2-ol followed by incubation at -80°C 

for 30 min.  Samples were centrifuged (3,500 x g, 30 min, 4°C) and pellets 

resuspended in 10 mM tris-HCl pH 7.5 containing 1 mM EDTA.  Nucleic acids were 

selectively precipitated by the addition of 10 M LiCl to give a final concentration of 

2 M and incubated overnight at 4°C.  The RNA pellet was then recovered by 

centrifugation (16,500 x g, 30 min, 4°C), washed once in ice-cold 70% ethanol, air 

dried and resuspended in sterile diethyl pyrocarbonate treated water.  Contaminating 

DNA was removed by DNAase treatment (Qiagen, West Sussex, UK) and RNA was 

further purified using RNeasy spin columns (Qiagen) according to the 

manufacturer’s protocol.  Sample concentration and purity was checked using a 

NanoDrop ND-1000 spectrophotomer (NanoDrop, DE, USA).  RNA integrity was 

assessed using a 2100 Bioanalyzer system (Agilent), based on RIN (RNA integrity 

number) (Schroeder et al., 2006).  A method automatically selects features from 

signal measurements and constructs regression models based on a Bayesian learning 

technique.  Feature spaces of different dimensionality are compared in the Bayesian 

framework, which allows selecting a final feature combination corresponding to 

models with high probability. 
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2.4.2 Microarray design and analysis 

Transcriptomics analysis was performed using a custom Agilent gene expression 

microarray previously designed using next generation sequencing data (array design 

A-MEXP_2372; http://www.ebi.ac.uk/arrayexpress/) (Russell et al., 2011).  

Sequencing was derived from RNA-seq of developing bud tissue of two blackcurrant 

mapping parents.  In total ~80 million short Illumina reads (paired-end 75 nt) were 

generated and assembled de novo using Trinity software 

(http://trinityrnaseq.sourceforge.net/) into ~74,000 contiguous transcripts.  

Orientation was determined by homology searches of predicted peptides using 

BlastX algorithm against public plant databases (peach, apple, grape & Arabidopsis), 

enabling defined orientation for ~19,000 transcripts.  In addition, ~21,000 transcripts 

with unknown orientation were taken forward for array probe design.  A single probe 

(60 mer) was designed to each transcript (one for each orientation for ambiguous 

sequences) and formatted into a 60k array design using eArray software 

(https://earray.chem.agilent.com/earray/). 

All microarray processing was performed in conjunction with the Genome 

Technology facility at The James Hutton Institute.  The experimental design and 

complete datasets are available at ArrayExpress (http://www.ebi.ac.uk/arrayexpress/; 

accession # A-MEXP-2372).  A single-channel microarray design was utilised with 

all RNA samples labelled as cDNA with Cy®3 fluorescent dye.  A total of 18 

microarrays were processed, consisting of 3 biological replicates for each of the 6 

developmental stages (Table 2.1).  Control samples were included consisting of 

previously analysed dormancy study samples (denominated: week) (Table 2.1). 
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Table 2.1  Microarray layout.  Three slides, six developmental stages and three 

replicates used, along with controls from previous study (week 8, week 14) (Russell 

et al., 2011). 

Slide Array Stage Tube Replication 

1 

1 Small Green 1 1 

2 Large Green 4 1 

3 Green-Red 7 1 

4 Red-Green 10 1 

5 Red 13 1 

6 Ripe 16 1 

7 week 8 4_1 1 

8 week 14 6_1 1 

2 

1 week 14 6_2 2 

2 Small Green 2 2 

3 Large Green 5 2 

4 Green-Red 8 2 

5 Red-Green 11 2 

6 Red 14 2 

7 Ripe 17 2 

8 week 8 4_2 2 

3 

1 week 8 4_3 3 

2 week 14 6_3 3 

3 Small Green 3 3 

4 Large Green 6 3 

5 Green-Red 9 3 

6 Red-Green 12 3 

7 Red 15 3 

8 Ripe 18 3 

 

RNA labelling and downstream microarray processing were performed as 

recommended in the One-Color Microarray-Based Gene Expression Analysis 

protocol (v. 6.5; Agilent) using the Low Input Quick Amp Labelling kit (Agilent).  

Following microarray scanning using an Agilent G2505B scanner, data were 

extracted from images using Feature Extraction (v.10.7.3.1) software and aligned 

with the appropriate array grid template file.  Intensity data and QC metrics were 
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extracted using the recommended FE protocol (GE2_107_Sep09).  Entire Feature 

Extraction (FE) datasets for each array were loaded into GeneSpring (v.7.3) software 

for further analysis.  Data were normalised using default single-channel settings: 

intensity values were set to a minimum of 0.01, data from each array were 

normalised to the 50th percentile of all measurements on the array and the signal 

from each probe was subsequently normalised to the median of its value across all 

arrays.  Unreliable data flagged as absent in 2/3 replicate samples by the FE software 

were discarded. 

2.4.3 Real-time quantitative RT-PCR (qRT-PCR) validation 

Reverse transcription of a standard amount (1000 ng) of total RNA per sample was 

performed using the QuantiTect® Reverse Transcription kit (Qiagen Ltd., 

Manchester, UK) including oligo d(T) and random hexamers as primers according to 

the manufacturer’s instructions.  The cDNA synthesised was diluted to a volume of 

100 μL with sterile distilled water (10 ng/μL).  The relative expression by real-time 

quantitative RT-PCR of 6 selected candidate genes was measured to compare and 

validate the expression profiles obtained from microarray hybridizations.  These 

candidate genes (Table 2.2) were selected for the study on the basis of showing a 

significant difference in expression level between developmental stages from the 

array experiment and represented different biological functions. 
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Table 2.2  Oligonucleotide primers and probes used in qRT-PCR analysis consisting 

of 6 selected probes of candidate genes and 4 reference genes. 

Candidate gene 

(Arabidopsis blast match) 
Primer Sequences 5'-3' 

UPL 

Probe 

Amplicon 

size (bp) 

Candidate genes (6) 

Malate dehydrogenase (at1g04410) 

c13106Maldhy.F gcaatcatcaaagctcgaaag 
#84 82 

c13106Maldhy.R ccagaacccaatcacggata 

SUS3; sucrose synthase 3 (at4g02280) 

c1166SUS3.F tgcaaggaagatccaagtcaat 
#159 72 

c1166SUS3.R tgtatacctttcttggatcctttga 

TT7; Flavonoid 3'-monooxygenase (at5g07990) 

c1569CYP.F agactgccaaatgacgagaaa 
#69 74 

c1569CYP.R actttacgaatagttgcaagtcca 

AGAL2; alpha-galactosidase 2 (at5g08370 ) 

c17491AGAL2.F atgacatctcgtgccgatg 
#105 61 

c17491AGAL2.R tccatccaccaggtccag 

ATBFRUCT1; beta-fructofuranosidase (at3g13790) 

c14797FRUCT1.F gtggtggtggtgttgtgaat 
#60 126 

c14797FRUCT1.R tgggtgcaaaagtatggtgtt 

UDPglucose 6-dehydrogenase (at5g15490) 

c21742UDPg6.F acctgtagacagaatcatctgcac 
#126 73 

c21742UDPg6.R taagaaagcattggctgcaa 

Reference genes (4) 

Clathrin homologue (at5g46630) 

c4308Clath.F gttttcaatttggtatcaaagttatcc 
#146 108 

c4308Clath.R aaaattcgaaatagaacagggaaa 

TIP41 homologue (at4g34270) 

c5696TIP41.F gatccaagcatcatcagtcaga 
#96 68 

c5696TIP41.R ccagggactttaagcttttgg 

UBC homologue (at5g25760) 

c5152UBC.F gaggatatcagtctatggcaagg 
#46 76 

c5152UBC.R agcacttaaatatttcatcctttcttg 

YLS8 homologue (at5g24910) 

c899YSL8.F ccgaaacggatcataacgag 
#69 63 

c899YSL8.R aggttgggccgtagatcag 

F – forward, R – reverse 
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Several reference genes for transcript normalization in Ribes were also selected from 

the literature (Czechowski et al., 2005) and the stability of the expression profiles of 

the equivalent genes was examined from the array data. Four genes, encoding 

clathrin, UBC, YLS8, and TIP41-like protein (Table 2.2) were selected and 

evaluated as appropriate internal controls using geNorm software for Microsoft 

Excel® (http://medgen.ugent.be/~jvdesomp/genorm/#housekeepers). 

The primer sets for real-time RT-qPCR were designed to cover the 60-mer probe 

sequence used in the microarray experiment for consistency. Sets of primers/probes 

were designed for qRT-PCR using the UPL (Universal Probe Library) Assay Design 

Center and recommended parameters from Roche Diagnostics Ltd., UK 

(www.roche-applied-science.com/shop/CategoryDisplay?catalogId=10001&tab=&id

entifier=Universal+Probe+Library&langId=-1).  Conventional PCR reactions were 

performed initially to confirm that each primer set amplified a single product of the 

correct size.  For each sample 1 µl cDNA (10 ng/µL) was added to a 24 µl master 

mix consisting of: 1 x Go Taq® Reaction Buffer (Promega, UK), 0.2 mM each 

dNTP (Promega, UK), 0.3 µM each primer (Eurogentec Ltd., UK), 1.0 Unit Go 

Taq® DNA Polymerase (Promega, UK).  The PCR amplification was based on an 

initial denaturation at 94°C for 3 min, followed by 35 cycles of denaturation at 94°C 

for 30 s, annealing at 60°C for 30 s, extension at 72°C for 30 s, and a final elongation 

at 72°C for 3 min using a Veriti™ 96-Well Thermal Cycler (Applied Biosystems 

Ltd., Warrington, UK). PCR products (10 µl) were analysed on 2.0 % agarose gels 

containing 0.5 µg/ml ethidium bromide in 0.5x TBE (45 mM Tris, 45 mM boric 

acid, 1 mM EDTA) buffer. qRT-PCR reactions were performed with 2 µl cDNA (at 

10 ng/μL) added to 23 µl FastStart TaqMan®Probe Master mix (with Rox reference 

dye) and run on the automated ABI 7500 Fast Real-Time PCR System (Applied 
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Biosystems, UK) using a standard 7500 run mode and three-step cycle: 95°C for 10 

min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min. Primers were included 

at an optimal final concentration of 900 nM per reaction, and UPL probes used at 

100 nM. The PCR reactions were repeated in triplicate with independent cDNAs. 

Relative gene expression levels were calculated by transforming the Cq (quantitative 

cycle) values to relative gene expression quantities (not normalized) by the 

comparative Cq method incorporating PCR assay efficiencies and subsequently 

imported into the geNorm program.  Genes were ranked according to their 

expression stability and normalization factors calculated per sample.  Real-time RT-

qPCR efficiencies were calculated from the given slope value for each assay 

standard curve (CT values vs. log [cDNA]) (Vaerman et al., 2004) by testing a 

pooled cDNA mixture (10 ng/µL) comprising of samples of 6 ‘Ben Finlay’ stages of 

development over a 5-fold dilution series (20, 4, 0.8, 0.16, 0.032, and 0.0064 ng) 

under the PCR conditions described above. 

The corresponding PCR efficiency (E) was calculated according to the equation: 

E = 10
[-1/s]

 -1; efficiencies between 80% and 110% are considered acceptable.  All 

subsequent PCR assays produced a standard curve within the dilution range with a 

high linearity (Pearson correlation coefficient r values > 0.99).  The amplification of 

single PCR products was also verified for a random selection of samples after each 

real-time qRT-PCR run by agarose gel electrophoresis.  All normalized relative gene 

expression levels were compared by statistical analysis using General Analysis of 

Variance in Genstat v. 14 (VSN international, Hemel Hempstead, UK) 

(https://www.vsni.co.uk/software/genstat/). 
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2.5 Statistics and bioinformatics 

In order to understand dynamics of and between metabolome and transcriptome, a 

series of statistical analyses were performed using both sets of data.  MS data were 

presented as response ratios calculated as areas of peaks normalised to internal 

standard areas for metabolites acquired.  Where compounds were detected using 

more than one method they were observed to be highly correlated (r>0.9), and 

therefore all data points were included in subsequent analysis. 

All statistical analyses were performed using Genstat v. 14 (VSN international) 

unless stated otherwise. 

2.5.1 Analysis of variance (ANOVA) 

Statistical filtering of data was performed using ANOVA (ANalysis Of VAriance, P-

value <0.05 or <0.005) adjusted with Benjamini and Hochberg multiple testing 

correction.  Transcript analysis was carried out in Genespring v. 7.3 for 

transcriptomic data and Genstat for metabolomic data. 

2.5.2 K-means clustering 

A set of transcripts obtained by ANOVA P-value <0.005 filtering was subjected to 

K-means clustering to identify transcripts with co-expression patterns using 

GeneSpring (v.7.3) software at parameters of 6 clusters and 100 iterations using 

Pearson’s Correlation as a similarity measure. 

2.5.3 Cluster analysis 

Cluster analysis was performed for several sets of transcriptome data in order to 

obtain groups of probes linked depending on their expression patterns.  Analysis was 
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performed using GeneSpring (v. 7.3) using similarity measure of Pearson’s 

correlation with clustering algorithm of average linkage. 

2.5.4 Homology searches 

 Blast search 2.5.4.1

Similarities to previously identified sequences were obtained as described by Hedley 

et al. (2010) by searching public databases using the Basic Local Alignment Search 

Tool; BLASTn and BLASTx algorithms for nucleotide and deduced amino acid 

sequences respectively. Local databases nucleotide and protein sequences obtained 

from the National Center for Biotechnology Information were searched and matches 

were considered non-significant (no match) when e-values were greater than 0.01. 

 Functional homology 2.5.4.2

In order to obtain insights into potential function of transcript probes several search 

engines and softwares were used.  MapMan (http://mapman.gabipd.org/web/guest), 

an application software displaying large datasets of gene expression data combining 

it to diagrams of metabolic pathways using Arabidopsis Affymetrix arrays data 

(Thimm et al., 2004) was used in order to classify transcript probes.  Tair, 

https://www.arabidopsis.org/tools/bulk/ was used for bulk data gene description 

identification (Huala et al., 2001).  The GeneMANIA, http://www.genemania.org/ 

prediction server was used for biological network integration for gene prioritization 

and predicting gene function (Warde-Farley et al., 2010). 
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2.5.5 Hierarchical clustering 

Analysis of Variance (ANOVA) was performed on each individual metabolite 

quantified in order to identify those with significant differences in response between 

the developmental stages. Only significant metabolites with a P-value <0.05 were 

analysed further using cluster analysis.  The data were standardised based on the 5% 

least significant differences (LSD) from the ANOVA.  Since the LSDs express the 

differences scaled by their variability, this standardisation allows metabolites to be 

compared with respect to relative change.  Partitioning was based on Hierarchical 

Cluster Analysis (HCA) with complete linkage and Euclidean distance.  Clusters 

were defined by assessing the compounds within the most similar clusters, initial cut 

off was 96% similarity, however clusters with similar functionality were put together 

to give the final clusters of similar functions.  This procedure generated clusters 

which share the same pattern between developmental stages as defined by significant 

changes rather than absolute values.  The final figure displays the average change 

within a cluster. 

2.5.6 Go terms enrichment 

Individual gene sets identified by K-mean analysis were analysed for enrichment of 

Gene Ontology (GO) terms using the Term Enrichment Tool AgriGo 1.2 (Du et al., 

2010) (http://bioinfo.cau.edu.cn/agriGO/analysis.php).  This was enabled by utilising 

the top BLAST hit of each blackcurrant transcript to the Arabidopsis TAIR9 gene 

model database. Gene sets were checked for term enrichment against the same 

database at default setting of Fisher’s statistical method, Yekutieli (FDR under 

dependency) multi-test adjustment method and P-value <0.05 level of significance. 
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2.5.7 Pathway mapping 

The Kyoto Encyclopadia of Genes and Genomes (KEGG) PATHWAY mapping tool 

(http://www.genome.jp/kegg/pathway.html) was used in order to map the ANOVA 

P-value <0.005 transcript dataset (section 2.5.1) to find positions of probes in several 

metabolomic pathways (Kanehisa and Goto, 2000). 

2.5.8 Metabolome and transcriptome correlations 

Pair-wise metabolite–metabolite and metabolite-transcriptome correlations were 

determined by Pearson’s correlation coefficient (r) test using all 194 metabolites and 

1433 genes (ANOVA P-value <0.005).  In addition to correlation between the 

relative quantity of a given metabolite against the abundance of each transcript, the 

metabolite data were further transformed to obtain an estimate of the rate of 

accumulation of each metabolite between stages.  This was achieved by estimating 

the difference in abundance of any given metabolite between two developmental 

stages divided by the number of ripening days between harvesting of each of the 

stages.  A further gene-metabolite correlation was then undertaken by correlation of 

the rate of change of a given metabolite against the abundance of each of the 

transcripts. 

2.5.9 Principal component analysis (PCA) 

Principal component analysis (PCA) was performed using the 1433 differentially 

expressed transcripts (ANOVA P-value <0.005) obtained from microarray 

expression study (section 2.5.1) and all 194 metabolites obtained by several quality 

quantifying methods (sections 2.3.1.3.1, 2.3.2.1, 2.3.2.2, 2.3.2.3, 2.3.2.4, 2.3.4.3, 

2.3.5).  Data points were log transformed and analysed using variance-covariance 

matrix using Genstat. 
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2.6 Genomic analysis 

The Ribes genome assembly for ‘Ben Finlay’ and the RNA-seq data for 11 

blackcurrant genotypes were developed within the Soft Fruit Genetics Group at the 

James Hutton Institute, as part of the Scottish Government Rural Affairs and 

Environment Science and Analytical Services programme of research. Some 

outcomes are published in (Russell et al., 2014). 

2.6.1 Sample collection 

Young leaf material was harvested from field grown plants of mapping population 7 

in 2009 for library 1 and 2 and in 2013 for library 3 and 4 and stored at -20°C until 

extraction. 

2.6.2 DNA extraction 

Frozen leaf was powdered by hand in a mortar and pestle and total genomic DNA 

was extracted using 100 mg of leaf material using the DNeasy Plant Mini Kit 

(Qiagen) and quantified using PicoGreen spectrophotometry (Invitrogen). 

2.6.3 Construction of GbS libraries 

 DNA digests 2.6.3.1

DNAs were digested in 30 µl reactions containing 200 ng of genomic DNA, 1 x 

NEB buffer 4, 8 u PstI-HF, 4 u MseI, incubated at 37°C for 3 h, then at 80°C for 20 

min. 
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 Adapters and ligation 2.6.3.2

This method was developed and used for libraries 1 and 2 in (Russell et al., 2014) 

with slight modification step for libraries 3 and 4.  Sets of 48 and 96 unique adapters 

were generated for use with digested DNA.  These were generated from 

complementary oligonucleotides (Sigma) with a PstI overhang sequence and unique 

barcodes of length 4–8 nt.  A common Y-adapter was generated.  Top and bottom 

strand complementary oligonucleotides for each adapter (50 µM) were annealed 

using the following sequence 95°C for 2 min, increased to 25°C by 0.1°C/s, 25°C for 

30 min. Annealed adapters were diluted 1:10 and their concentration measured using 

PicoGreen® dsDNA Assay Kit.  Barcoded adapters were normalised to 2 ng/µl and 

the Y-common adapter to 40ng/µl. 

For ligation, 4 ng annealed barcoded adapter and 200 ng annealed Y-common 

adapter were then added along with 1 x T4DNA ligase buffer and 640 u T4 ligase in 

a total volume of 50 µL. All 48 and 96 ligation reactions were incubated at 22°C for 

2 h, then at 65°C for 20 min. An aliquot (5 µL) was removed from each ligation 

reaction, pooled, purified using QIA-quick PCR Purification Kit (Qiagen, N.V.) and 

eluted in 30 µL of dH2O.  PCR enrichment was conducted in 50 µL reactions, two 

reactions per library, containing 4 µ of pooled and purified library DNA, 1 x high 

fidelity Phusion polymerase buffer, 0.2 µM dNTP, 0.2 µM primer 1 (complementary 

to barcode adapter), 0.2 µM primer 2 (complementary to Y-common adapter), 1 u 

Phusion polymerase Taq.  PCR was conducted as follows: 98°C for 30 s for one 

cycle; 22 cycles of 98°C for 10 s, 65°C for 20 s and 68°C for 20 s; one cycle of 75°C 

for 5 min, cool to 4°C.  The PCR enriched library was gel-purified, selecting the 

200–500 bp size fraction, using the MinElute Gel Extraction Kit (Qiagen), eluted in 
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12 µL dH2O, and the quality and quantity of the library measured using a NanoDrop 

and Agilent Bioanalyzer. 

For libraries 3 and 4 pooled ligations were size selected using a GeneRead Size 

Selection Kit (Qiagen) (not purified using a QIAquick PCR Purification Kit) before 

PCR step and further size selection by gel purification as for libraries 1 and 2 was 

followed. 

2.6.4 Sequencing and processing raw GbS data 

Both sets of data for libraries 1/2 and 3/4 were analysed at The Genome Analysis 

Centre (TGAC, Norwich, UK). 

 SNP identification 2.6.4.1

Data obtained from TGAC was processed by the Information & Computational 

Science department (ICS) of The James Hutton Institute and is described in section 

2.6.4.1. 

Two strategies were employed for SNP discovery. The first method was to map the 

GbS tag sequences against a reference assembly developed and used in-house 

http://camel.hutton.ac.uk/ben_finlay/index.html, and the second was to use the 

UNEAK pipeline from the TASSEL suite of software 

https://sourceforge.net/projects/tassel/. 

2.6.4.1.1 SNPs from reference mapping 

A single-lane run of Illumina paired-end (100 bp) HiSeq sequencing was obtained 

for ‘Ben Finlay’ from WGS libraries.  The run had 453 million pairs of reads.  The 

reads were quality trimmed to Q28 and a minimum length of 80 bp using the sickle 
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quality trimming utility and 77 % of reads were retained.  The paired-end reads were 

assembled into contigs by joining the paired ends and assembling with the 

clcAssembly Cell suite (CLCBio http://www.clcbio.com/).  A range of word sizes 

were used and the best assembly chosen on the basis of the N50 value, which was 

then scaffolded with mate-pairs from a 5kb library from ‘Ben Finlay’.  The mate 

pairs reads were trimmed to Q28 and length 80bp and any orphaned reads were 

incorporated into the assembly. Mate pair adapters were removed using NextClip 

and this gave 4.6 million mate pairs for scaffolding the assembly with SSPACE.  

This resulted in 520,399 scaffolds with a total length of 734.8 Gbases.  The 

EMBOSS utility ‘‘restrict’’ was used to find PstI sites within the reference 

transcripts, and then 64 bp from the sites were extracted in both forward and reverse 

orientation using custom code to give a set of 193,128 reference sequences.  This set 

of reference PstI sites was used to map the GbS reads with the BOWTIE read 

mapper (Langmead et al., 2009).  The GbS data from the raw fastq files were 

demultiplexed into separate files for each sample using the barcodes.  The parental 

lines were included in each Illumina run, and so their files from each run were 

concatenated into a single file for each parent.  A custom pipeline was used to 

quality trim (Q20), length trim (64 bp), and map each sample’s reads against the 

reference set using the BOWTIE mapper with one mismatch allowed per read, and in 

‘‘unique best strata’’ mode where each read is mapped only once.  All the BAM 

outputs for each sample were merged into a single BAM file.  The resulting merged 

BAM file was analysed using ‘‘freebayes’’ (version 0.9.6, (Garrison and Marth, 

2012)) to find SNPs with at least three representative reads showing the alternative 

allele.  The freebayes SNPs were then filtered to remove extreme allele distribution 

by removing those with more than 85% or less than 15% major allele frequency.  
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Those reads with multiple numbers of SNPs within the 64 bp were also excluded, 

which left a total of 7342 SNPs. 

2.6.4.1.2 SNPs from UNEAK pipeline 

The raw Illumina GbS fastq files were processed through the UNEAK pipeline from 

the TASSEL3.0 standalone suite (Bradbury et al., 2007) using default parameters.  

This produced a total of 40,100 potential SNPs.  The SNPs from the UNEAK 

pipeline were compared with those from the reference mapping and 4716 of the 

reference-mapped SNPs had an equivalent SNP in the TASSEL results. 

2.6.5 Genotype identification 

Analysis in this section (2.6.5) was provided by BioSS (Biomathematics & Statistics 

Scotland). 

Principal co-ordinate analysis (PCO) was performed using statistical software 

Genstat in order to explore population structure and look for groupings within the 

population.  A similarity matrix was calculated, based on the allele read counts for 

parent and offspring using the city clock measure of similarity. 

The population structure was explored using principal co-ordinate analysis (PCO) to 

look for groupings within the population.  Functional regression of the major and 

minor allele read counts estimating a linear relationship between two variables, 

where both are subject to error described and applied earlier by Russell et al. (2014) 

was implemented in order to characterise SNPs from GbS read counts. 
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The GbS SNPs that were suitable for linkage analysis were combined with the SNPs 

measured on MP7 population by Russell et al. (2011), and analysed using JoinMap 

4.1 (Van Ooijen, 2006). 

2.6.6 Linkage analysis 

Marker classifications obtained in section 2.6.5 were recoded for use in JoinMap 

where heterozygotes in ‘Ben Finlay’ were coded LMxLL, heterozygotes in Hedda 

NNxNP, heterozygotes in both HKxHK and unknown uu.  Data were imported to 

and analysed in JoinMap 4.1 (Van Ooijen, 2006).  Locus genotype frequency was 

calculated and distorted and identical markers were removed. 

2.6.7 Linkage map 

Markers were grouped into 8 linkage groups using JoinMap software.  Within groups 

markers were ordered using regression mapping and Haldane’s mapping function.  

After the initial mapping, the fit of the map was checked by examining the 

segregation ratios and the nearest neighbour fit.  Any markers showing a large 

nearest neighbour fit was inspected and compared with its neighbours by means of 

the graphical genotypes, along with any markers that seemed more distorted than 

neighbouring markers.  Problem markers were excluded and the JoinMap ordering 

was rerun. 

 Quantitative trait locus 2.6.7.1

Kruskal–Wallis analysis was carried out using MapQTL5 (Van Ooijen, 2004) to 

identify preliminary QTL locations. 2LOD support intervals were applied.  A multi-

trait QTL analysis was performed to identify the most likely location of the shared 
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QTL for each trait over the 6 years using Genstat and significance threshold of 3.391 

was applied using Li and Ji analysis (Li and Ji, 2005). 

 Restricted maximum likelihood analysis 2.6.7.2

Heritability analysis was used to calculate the generalized heritability for all traits 

analysis for mapping population 7 across 6 years of harvest in a Restricted maximum 

likelihood analysis (REML) using Genstat software and the definition of  (Cullis et 

al., 2006). 

 Tablet software 2.6.7.3

Tablet software developed at The James Hutton Institute (Milne et al., 2012) was 

used in order to visualise several sequence assemblies.  GbS mapping population 7 

SNP data, microarray probe data and sequences generated in other blackcurrant 

research programmes such as ‘Ben Finlay’ genomic assembly (section 2.6) 

(http://camel.hutton.ac.uk/ben_finlay/view_contig2.cgi?seq_name=scaffold1183&da

taset=benfinlay_w57_rfk5), RNA-seq data for 11 varieties of blackcurrant including 

mapping population 7 parents (‘Ben Finlay’ and ‘Hedda’), and trinity assembly data 

(Russell et al., 2011) were used in order to obtain SNP information required for 

microarray SNP candidate gene confirmation by visualisation of SNP regions. 

 Kompetitive Allele Specific PCR (KASP) 2.6.7.4

Single nucleotide polymorphism platform of kompetitive allele specific PCR 

genotyping (KASP, LGC Genomics) (http://www.lgcgenomics.com) was used in 

order to validate candidate gene polymorphism.  SNP were identified using Tablet 

software and primers were designed using 60bp of sequence each side of the SNP.  
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7500 Fast Real Time PCR System (Applied Biosystems, UK) was used following 

StepOne Plus SOP for KASPar assays protocol. 

DNA was diluted 1:10 in water and 4 µl of diluted DNA was mixed with 4.11 µl of 

reaction mix consisting of 4 µl non-specific master mix and 0.11 µl custom designed 

primer in MicroAmp
®

 Fast Optical 96-well reaction plates with optical adhesive 

covers (Applied Biosystems, Life Technologies, USA).  PCR was performed on 

StepOnePlus using KASPas 55 plus 6 cycles programme for 2 min at 20°C, 15 min 

at 94°C, 20 sec at 94°C, 1 min at 62°C (decreasing by 0.7°C per cycle), 10 cycles 20 

sec at 94°C, 1 min at 55°C 32 cycles, 2 min at 20°C (post PCR read). 

2.6.7.4.1 Linear regression analysis 

KASP results of homozygous and heterozygous accessions of the population for 

tested primers were associated with phenotype using linear regression analysis in 

Genstat. 

2.7 Meteorological data 

Meteorological data for ‘Ben Finlay’ plot harvested in developmental analysis in 

2012 and mapping population 7 (MP7) plot harvested in years 2009-2014 and a long 

term average for 30 years between 1971-2000 was provided by The James Hutton 

Institute meteorological station. 
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3.1 Introduction 

The quality of fruit is defined by a wide range of characteristics such as flavour, 

appearance, nutritional value, processing quality and shelf life.  Many of these traits 

are strongly influenced by fruit phytochemistry and a more in-depth understanding 

of the relationship between fruit chemistry and quality traits is vital, although 

currently still limited.  Robust phenotyping is crucial in order to increase an 

understanding of processes determining fruit quality and linking them to genetic 

background. 

Fruit is a carrier of seeds and its two major roles combine seed development and then 

dispersal (Gindel, 1960).  Ripening of fruit is a dynamic and complex process that 

involves coordinated regulation of development, physiology and metabolism leading 

to the production of a soft and edible fruit with desirable quality attributes 

(Giovannoni, 2001).  During ripening, fruit undergoes significant physiological and 

functional transition from an organ evolved to deter frugivores and protect 

developing seeds and embryos to one that functions to attract herbivores, aid seed 

dispersal and provide nutrition.  These changes in function are strictly controlled 

developmentally through hormonal, metabolic and other signalling pathways, 

making the developing fruit an excellent model for the study of plant developmental 

processes.  Furthermore, fruit development is associated with huge changes in fruit 

phytochemical profiles, providing opportunities for the discovery and annotation of 

genes associated with metabolism. 

The developmental and hormonal changes that drive ripening are of great interest, 

and there are now well-described processes in climacteric fruit, such as tomato, and 

in non-climacteric fruit species such as grape and strawberry.  Several studies have 

adopted a systems approach to examine the development of both climacteric and 
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non-climacteric fruits such as tomato (Carrari and Fernie, 2006), strawberry (Fait et 

al., 2008), grape (Fortes et al., 2011), peach  (Lombardo et al., 2011), blueberry 

(Zifkin et al., 2012), pepper (Capsicum sp.) (Osorio et al., 2012) and olive (Olea 

europaea) (Galla et al., 2009). 

Several studies have been conducted on the content of metabolic nutritional 

compounds of blackcurrant, but most of those quality compounds are broadly 

studied in ripe fruit (Markowski and Pluta, 2008, Sasnauskas et al., 2014, Kampuss 

et al., 2015), as single compounds in targeted analysis during fruit development 

(Hancock et al., 2007, Soutinho et al., 2014) or as a range of metabolic compounds 

during ripening in an agronomic context (Krüger et al., 2012, Mikulic-Petkovsek et 

al., 2015). 

In order to gain knowledge of changes during fruit development and to identify 

major transition stages in metabolites influencing fruit quality and understanding 

metabolic regulation, blackcurrant fruit was analysed for a range of physiological 

and metabolic traits.  Moreover, fruit and dissected seed were analysed for fatty acid 

content in order to identify sinks of essential fatty acids present in blackcurrant fruit 

(Ruiz del Castillo et al., 2001).  These data was then linked to further transcriptomic 

and genomic investigation as described in Chapter 5 and Chapter 6. 

3.2 Results 

3.2.1 Meteorological data 

Meteorological data were recorded from the end of previous harvest season in 

September 2010 till the end of recorded harvest season when Ben Finlay developing 

fruit was harvested – August 2011 (Table 3.1).  For this period of 12 months total 



 86 Chapter 3 

received rain was higher compared to long term average in years 1971-2000.  Total 

amount of sun hours was higher during the period of 12 months between 2010 and 

2011, however temperatures including soil temperature at 20 cm and minimum and 

maximum air temperatures were equal or slightly higher than 30 years average 

respectively. 
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Table 3.1  Meteorological data for 12 months (September 2010 – August 2011) including harvest period as compared to long term average 

(1971-2000).  Data provided by JHI meteorological station. 

 

Year Month
Total rain 

mm

Days rain 

≥0.2mm

Days rain 

≥0.1mm

Total sun 

hours

Mean soil 

20cm °C

Mean air 

max °C

Mean air 

min °C

September 104.3 18 14 137.8 12.5 16.9 8.4

October 68.4 15 12 108.0 9.0 12.7 6.2

November 120.2 25 20 80.1 4.5 7.7 1.4

December 32.8 11 9 51.6 0.5 1.7 -5.7

January 63.6 14 10 53.9 0.7 5.7 -0.9 

February 112.2 23 20 45.7 3.2 7.7 1.7

March 60.6 13 8 127.1 4.8 10.0 1.9

April 9.8 4 2 189.4 9.8 15.4 5.6

May 77.2 18 12 223.2 11.3 15.1 6.2

June 65.4 17 14 155.8 13.4 17.4 8.4

July 105.4 14 10 165.7 15.5 18.5 10.1

August 125.7 16 12 127.5 14.3 17.7 10.3

945.6 188.0 143.0 1465.8 8.3 12.2 4.5

664.5 170.0 116.0 1411.6 8.3 12.0 5.1

2010

2011

mm - milimetre, cm - centimetre, °C - degree Celsius

12 months

(September 2010 - August 2011)

Long term average

(1971-2000)
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3.2.2 Fruit development 

Fruit development took a total of 125 days from open flowers to ripe fruit and 

occurred over the period 29 March – 1 August 2011.  Fruit of cv. Ben Finlay were 

collected at six developmental stages that were previously examined in relation to 

fruit metabolism and that cover the major developmental transitions (section 2.1.1.1, 

Figure 3.1).  The total number of days from flowering to each stage was small green 

(1) – 36, large green (2) – 55, green-red (3) – 77, red-green (4) – 89, red (5) – 95 and 

ripe (6) – 125 days.  Organoleptic changes in fruit size, colour and texture were 

clearly visible (Figure 3.1).  Those physical and underlying metabolic properties 

were examined closely in following analyses. 
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Figure 3.1  Photograph of six stages of ‘Ben Finlay’ blackcurrant fruit development; 1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 

5 - red, 6 - ripe. 

10mm 
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3.2.3 100 Berry weight 

Berry weight was measured on fresh and dried fruit as described in methods (section 

2.2.1).  Fruit fresh weight increased in a linear fashion up to the green-red stage (77 

days after flowering, Figure 3.2).  This was followed by a significant reduction in 

fresh weight gain to the red-green stage (89 days after flowering), followed by a 

rapid increase in fresh weight gain to the red fruit stage (95 days after flowering), 

and then a more gradual increase to maturity (125 days after flowering, Figure 3.2), 

reminiscent to a pattern observed at véraison in grape (Melino et al., 2011).  A 

similar pattern was observed in dry weight gain although there was a less 

pronounced cessation and subsequent increase in dry weight gain around the green-

red to red stages of fruit development (Figure 3.2).  Fruit water content was 

maintained at approximately 85% throughout fruit development with slightly lower 

values in stage 1 – 83% and stage 6 - 82% (Figure 3.2). 
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Figure 3.2  100 berry weight measured in fresh and dry fruit expressed in grams (g) 

and % water (Y-axis) over the six stages of fruit development presented as days after 

flowering (DAF) (X-axis). Weights were assessed on bulk samples of 25 fruits and 

adjusted to 100. 
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3.2.4 Fruit diameter 

Fruit allometry – its size and shape, plays an important role in plant evolution 

(Mazer and Wheelwright, 1993) and commercial acceptance (Brennan and Graham, 

2009).  Fruit diameter was measured on fresh fruit following the method described in 

section 2.2.2.  Fruit diameter increased almost linearly up to the green-red stage (77 

days after flowering) after which only minor increases in fruit size were observed 

(Figure 3.3). 

 

 

Figure 3.3  Fruit diameter measurements over the six stages of fruit development 

presented as days after flowering (DAF) (X-axis), in millimetres (mm) (Y-axis) 

(n=25) ± SE. 
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3.2.5 Fruit firmness 

Fruit firmness alongside size and colour is one of the physical indicators of fruit 

ripeness. Two components of fruit firmness were measured: work done to deform the 

fruit by 30% [J], and peak load required during deformation at a rate of 30 mm/min. 

Fruit firmness increased to the green-red stage (77 days after flowering) after which 

there was a rapid decline to red fruit (95 days after flowering) and then a more 

gradual decline until fruit fully ripened (Figure 3.4). 

 

 

Figure 3.4  Fruit firmness over the six stages of fruit development, presented as days 

after flowering (DAF) (X-axis), expressed in [J] work done and [N] peak load 

(n=17) as a mean ± SE (Y – axis). 
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3.2.6 °Brix 

The sweetness of fruit is one of the central characteristics determining fruit quality.  

Degrees Brix (°Brix) is equal to grams per 100 ml juice at 20°C.  1°Brix corresponds 

to ca. 18 g/l total soluble solids (TSS) (Bates, 1942).  This indicator is now in 

blackcurrant a marker of ripeness, optimal harvest time (Nwankno et al., 2012) and 

is used as a measure of quality by processors.  °Brix in developing blackcurrant was 

measured as described in section 2.3.1.1.  Juice soluble solids were constant in green 

fruit before exhibiting an increase to green-red fruit (77 days after flowering) 

followed by a further decline and then an increase to a maximum in ripe fruit (Figure 

3.5). 

 

 

Figure 3.5  Total soluble solids (TSS) expressed in °Brix levels (Y-axis) over the six 

stages of fruit development, presented in days after flowering (DAF) (X-axis).  

Values were estimated on a batch juice extract sample (no standard error of the 

mean). 
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3.2.7 pH 

Acid to sugar ratio is considered to be an important factor defining flavour quality 

parameters in fruits (Gong et al., 2015).  Juice pH exhibited a steady decline to the 

red-green stage (89 days after flowering), after which it was approximately constant 

around pH 3 (Figure 3.6). 

 

 

Figure 3.6  Acidity analysis expressed as pH values (Y-axis) of fruit over the six 

stages of fruit development, presented as days after flowering (DAF) (X-axis).  

Values were estimated on a batch juice extract sample (no standard error of the 

mean). 
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3.2.8 Photosynthetic pigments 

Pigments are one of the most visible changes during fruit development.  Levels of 

the photosynthetic pigments chlorophylls a and b, and carotenoids were analysed by 

spectroscopy, as described in section 2.3.3.  Consistent with the change from green 

to red to ripe fruit, a decline in photosynthetic pigment content was observed 

throughout development, although both chlorophyll a and chlorophyll b were still 

present in ripe fruit (Figure 3.7).  Carotenoids decreased during the first four stages 

of fruit development, with an apparent increase at stages 5-6 (Figure 3.7), although 

this however is likely to be an artifact of anthocyanin accumulation during the same 

period visible as a red tint in Figure 3.8, as wavelengths slightly overlap at this point 

in the methods used (sections 2.3.3 and 2.3.2.3.1). 

 

 

Figure 3.7  Chlorophyll a, b and carotenoids levels expressed in µg gDW-1 (Y-axis) 

over the six stages of fruit development, presented as days after flowering (DAF) 

(X-axis), (n=5) as a mean ± SE. 
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Figure 3.8  Photograph representing visual differences in fruit extract colour 

prepared in cuvettes during chlorophyll a, b and carotenoids analysis, presented as: 

Control - water, 1 - small green fruit, 2 - large green fruit, 3 – green-red fruit, 

4 - red-green fruit, 5 – red fruit and 6 - ripe fruit extracts, showing strong influence 

of anthocyanins on sample hue appearing from stage 4-6. 
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3.2.9 Chemical changes during fruit development 

 Ascorbic acid profile 3.2.9.1

Ascorbic acid is considered a key quality factor by blackcurrant fruit processors 

(Brennan and Graham, 2009), and therefore its content in fruit was quantified by 

HPLC as described in section 2.3.1.3.1. Ascorbic acid concentrations measured for 

all 6 stages of fruit development indicated an increase in accumulation between 

stages 1-4, reaching a peak at stage 4 (red-green fruit) of approximately 500 mg 100 

g FW
-1

 followed by a decrease to approximately 230 mg 100 g FW
-1 

in ripe fruit 

(Figure 3.9). 

 

 

Figure 3.9  Ascorbic acid accumulation profile over the six stages of fruit 

development: 1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 5 - red and 

6 - ripe (X-axis).  Expressed as a mean ± SE values of mg 100 g FW
-1

 (n=3) 

(Y-axis).  Significant differences between values estimated using one way ANOVA 

with Fishers protected LSD, indicated by a lack of common letters between columns. 
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 Sugar and acid profiles 3.2.9.2

3.2.9.2.1 Organic acids 

Three major organic acids (citric, malic and oxalic) were quantified by HPAEC-CD 

at six stages in developing fruit using the method presented in section 2.3.2.1.  As 

observed in previous studies (Brennan et al., 2008, Mikulic-Petkovsek et al., 2015), 

citric acid was the most abundant organic acid accumulating rapidly between stages 

1-2 (small green-large green fruit) prior to accumulation at a more moderate rate for 

the remainder of fruit ripening reaching a concentration of approximately 1000 mg 

100 ml
-1

 in ripe fruit (Figure 3.10A).  The second most abundant acid, malic acid, 

exhibited a decreasing concentration during fruit ripening and its lowest value was 

recorded at approximately 100 mg 100 ml
-1

 in ripe fruit (Figure 3.10B).  Oxalic acid 

was the least abundant of the quantified organic acids; its concentration decreased 

between stages 1 and 4 and was not detectable in stage 5 and 6 (red and ripe fruit, 

Figure 3.10C). 
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Figure 3.10  Accumulation profile of citric acid - A, malic acid - B and oxalic 

acid - C over the six stages of fruit development: 1 - small green, 2 - large green, 

3 - green-red, 4 - red-green, 5 - red, 6 - ripe (X-axis).  Significant differences 

between values estimated by one way ANOVA with Fishers protected LSD, 

indicated by a lack of common letters between columns.  Values expressed as a 

mean ± SE value mg 100 g
-1

 (n=3) (Y-axis). 
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3.2.9.2.2 Soluble sugars 

The three major sugars present in blackcurrant fruit, glucose, fructose and sucrose, 

were analysed by HPAEC as described in section 2.3.2.2.  In agreement with sugar 

accumulation patterns in fruits such as strawberries (Fragaria × ananassa) (Fait et 

al., 2008) and grape (Kuhn et al., 2014), in blackcurrant fructose and glucose content 

increased during fruit development.  Fructose was present at the highest 

concentration throughout fruit development.  Its accumulation fluctuated during fruit 

development but exhibited an increasing trend with fruit maturation, reaching 

approximately 210 mg 100 ml
-1 

 in stage 6 (ripe fruit).  Glucose was present at 

marginally lower concentrations but followed a very similar pattern of accumulation 

to that of fructose.  In stage 6 fruit glucose was present at approximately 

165 mg 100 ml
-1 

(Figure 3.11).  Sucrose exhibited lowest values of accumulation of 

all three sugars during fruit development.  Its levels were relatively stable throughout 

the fruit maturation process ranging between approximately 25 and 40 mg 100 ml
-1

 

(Figure 3.11). 
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Figure 3.11  Glucose - □, fructose - ░ and sucrose - ■ accumulation profiles during 

the six stages of fruit development: 1 - small green, 2 - large green, 3 - green-red, 

4 - red-green, 5 - red, 6 - ripe (X-axis).  Values presented as a mean ± SE 

mg 100gFW
-1

 (n=3) (Y-axis).  Letters above columns indicate significant differences 

calculated by one way ANOVA (Fishers LSD). 
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 Quantification of phenolic compounds 3.2.9.3

3.2.9.3.1 Total anthocyanin content 

Total anthocyanins were measured by spectrophotometry as described in section 

2.3.2.3.1.  Anthocyanin content in developing blackcurrant fruit increased with fruit 

maturity reaching the highest value in ripe fruit (stage 6) at 7200 mg 100 g FW
-1

 

(Figure 3.12).  This pattern of anthocyanin accumulation is in line with previous 

studies on blackcurrant anthocyanin synthesis during fruit development (Krüger et 

al., 2012, Mikulic-Petkovsek et al., 2015) and in other anthocyanin-rich fruits 

(Rogez et al., 2011). 

 

 

Figure 3.12  Total anthocyanins accumulation over the six stages of fruit 

development: 1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 5 - red, 

6 - ripe (X-axis), expressed in mg 100gFW
-1

 mean ± SE (n=3) (Y-axis).  Significant 

differences between values estimated using one way ANOVA with Fishers protected 

LSD, indicated by a lack of common letters between columns. 
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3.2.9.3.2 Accumulation of individual anthocyanins 

In order to identify composition of anthocyanins in developing fruit, the 

concentration of individual anthocyanins was determined using LC-MS as described 

in methods section 2.3.5.  Six anthocyanins that were found at detectable levels in 

blackcurrant fruit were quantified. Those were two delphinidin derivatives, two 

cyanidin derivatives, and a single derivative each of petunidin and peonidin.  In line 

with results observed from total anthocyanin measurements (section 3.2.9.3.1), 

individual anthocyanin concentrations increased with fruit development and were 

significantly higher in final stages 5 and 6 than in earlier developmental stages 

(Figure 3.13).  Delphinidin-3-O-rutinoside was found at the highest concentration 

compared to other anthocyanins.  The second most abundant anthocyanin was 

cyanidin-3-O-rutinoside, followed by cyanidin-3-O-glucoside, delphinidin-3-O-

glucoside, peonidin-3-(6-coumaroyl) glucoside and petunidin-3-(6-

coumaroyl) glucoside. 
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Figure 3.13  Individual anthocyanin accumulation presented as 

delphinidin-3-O-glucoside (Del-3-O-glc), delphinidin-3-O-rutinoside (Del-3-O-rut), 

cyanidin-3-O-glucoside (Cy-3-O-glc), petunidin-3-(6’-coumaroyl) glucoside 

(Pet-3-(6-Co)glc) and peonidin-3-(6’-coumaroyl) glucoside (Peo-3-(6-Co)glc), over 

the six stages of fruit development: 1 - small green, 2 - large green, 3 - green-red, 

4 - red-green, 5 - red, 6 - ripe (X-axis), expressed in a mean relative values 

standardised to internal standard reserpine ± SE (n=3) (Y-axis).  Columns sharing 

the same letters are not significantly different (one way ANOVA, Fishers protected 

LSD).  Columns presented in the order of the legend. 
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3.2.9.3.3 Total phenolic compound concentration 

Total phenolic compounds were estimated spectrophotometrically using the assay 

described in section 2.3.2.4.  The highest value as estimated by a standard curve was 

recorded in first stage of fruit development and followed a decreasing trend 

thereafter.  The lowest values of polyphenols were recorded in last stages of fruit 

development (stage 5 and 6, Figure 3.14). 

 

 

Figure 3.14  Mean absorbance value (A510) for total polyphenols at wavelength 510 

nm per 1mg of fruit (Y-axis) over the six stages of fruit development: 

1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 5 - red, 6 - ripe (X-axis) 

± SE (n=3).  Uncommon letters above columns indicate significant differences 

calculated by one way ANOVA (Fishers LSD). 
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3.2.10 Metabolic overview 

To obtain an overview of the patterns and similarities in phytochemical changes that 

occur during fruit ripening, data obtained from the specific analyses outlined above 

were combined with data using a non-targeted GCMS metabolomics approach that 

quantified a range of sugars, organic acids, amino acids, fatty acids and fatty 

alcohols as well as smaller numbers of related compounds, analysis of variance 

(ANOVA) was performed on the set of all metabolites (Supplementary table S3.1). 

In order to simplify the datasets and identify the most significant changes during 

fruit maturation a range of statistical analyses were undertaken. 

 Principal component analysis 3.2.10.1

194 metabolites quantified by a range of targeted and non-targeted methods 

described in sections 2.3.1.3.1, 2.3.2, 2.3.4 and 2.3.5 were analysed by principal 

component analysis.  The three replicates from each stage clustered together on the 

PCA plot, indicating high consistency of the data (Figure 3.15).  Small green fruit 

(SG) and ripe fruit (Ripe) were clearly separated from other stages by principal 

component 2.  The middle stages of fruit development were more closely clustered 

but still exhibited clear separation primarily by component 1 (Figure 3.15). 
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Figure 3.15  Principal component analysis (PCA) plot of all metabolites found by 

several targeted and non-targeted analyses over the six stages of fruit development in 

three replicates presented as SG - small green, LG - large green, GR - green-red, 

RG - red-green, Red and Ripe.  Components 1 (PC1) and 2 (PC2) explained up to 

38% and 18% variation respectively. 

 

A loading plot was generated to identify the underlying compounds driving the 

clustering observed in the principal component plot (Figure 3.16, Supplementary 

table S 3.2).  Proanthocyanidins clustered in the upper right corner of the plot 

indicating strong positive scores for both principal components and consistent with 

relatively high levels of these compounds in small green fruit where they are known 

to function in the deterrence of herbivores and restriction of pathogens (Dixon et al., 

2005).  Sugars and anthocyanins also had strong positive scores for PC2 but were 
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negative for PC1 consistent with high concentrations in ripe fruit (Figure 3.16).  

Amino acids such as L-valine, L-aspartic acid and L-methionine had strong positive 

scores on PC1 and weak negative scores on PC2 contributing to the position of large 

green fruit on the principal components plot.  Fatty acids clustered together with a 

negligible score on PC1 but a highly negative score on PC2 suggestive of relatively 

high levels in green-red to red-green stages (Figure 3.16). 

 

Figure 3.16  Loading plot of metabolites submitted for PCA analysis.  Numbers 

indicate metabolites explained in Supplementary table S3.2, colours represent 

different classes of metabolites; dark green - flavan-3-ols and proanthocyanidins, 

pink - fatty acids, brown - fatty alcohols, red - organic acids, pale-green - sugars, 

dark-red - amino acids, pale-blue - amines, dark blue - anthocyanins, 

grey - flavonols, black - unknown. 
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 Hierarchical clustering 3.2.10.2

A set of metabolites that significantly differed in their fruit concentration at different 

developmental stages (P-value <0.05) were analysed further using cluster analysis as 

described in section 2.5.3.  133 compounds that exhibited similar changes in 

concentration profile across development were grouped and 12 clusters (A-L) were 

identified (Figure 3.17, Supplementary table S3.3).  Six clusters (Figure 3.17A-F) 

comprised compounds that exhibited an overall decline in concentration during fruit 

maturation while five clusters (Figure 3.17H-L) comprised compounds that exhibited 

an overall increase in concentration during development.  One cluster (Figure 3.17G) 

was composed of compounds that were most abundant during mid-fruit ripening 

stages before falling back to levels similar to those in small green fruit in ripe fruit. 
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Figure 3.17  Hierarchical clustering analysis of 134 metabolites (P-value <0.05) 

separated into twelve clusters (A-L) of different patterns of metabolite accumulation 

presented as an average expression of standard error of a difference SED (Y-axes) 

across the six stages of fruit development 1 - small green, 2 - large green, 

3 - green-red, 4 - red-green, 5 - red, 6 - ripe (X-axes).  Contents of individual clusters 

are described in Supplementary table S3.3. 

 

Analysis of the composition of the different clusters revealed that in many cases they 

were composed of compounds that were metabolically related (Supplementary table 

S3.3).  Clusters A and B which were composed of compounds that exhibited a 

concentration peak in large green fruit were dominated by the presence of amino 

acids and other amines.  These included a range of plastid synthesised amino acids 
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such as methionine, lysine, threonine, isoleucine and phenylalanine (de la Torre et 

al., 2014), glutamate synthase (GS/GOGAT) cycle derived amino acids, non-protein 

amino acids such as β-alanine, and polyamines (Supplementary table S3.3).  Cluster 

C comprising compounds that were most abundant at the small green stage contained 

a number of tannins and phenolic acids such as chlorogenic and cinnamic acids 

(Supplementary table S3.3) while cluster D that contained compounds that also 

showed a decline in abundance from small green fruit to ripening also contained an 

epi-gallocatechin tannin, the polyphenol myricetin-hexoside and also included a 

measure of total polyphenols.  Clusters E and F comprised a large number of 

unknown compounds identified in the polar extract analysed by gas chromatography 

as well as several organic acids including the TCA cycle intermediates succinate and 

malate as well as threonate and quinate (Supplementary table S3.3). 

Compounds in cluster G exhibited an increased concentration during the mid-fruit 

ripening stages before decreasing in ripe fruit.  This cluster was dominated by fatty 

acids ranging in carbon number from 14 to 18 and included the major seed oil fatty 

acids palmitate, stearate, linoleate and linolenate (Supplementary table S3.3) (Ruiz 

del Castillo et al., 2001). 

Cluster H comprised the major monosaccharides glucose and fructose as well as the 

minor sugars galactose and mannose (Supplementary table S3.3).  The concentration 

of the these compounds declined between small and large green fruit before rising to 

a plateau in green-red, red-green and red fruit and then increasing steeply in ripe 

fruit.  Compounds in cluster I exhibited a similar pattern, however the concentrations 

of compounds in this cluster were already elevated in red fruit.  This cluster 

comprised a number of long chain fatty acids (C:20 – C:28) that are associated with 

cuticular waxes and found at high concentrations in deseeded blackcurrant pomace 
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relative to seed or oil (Dobson et al., 2012) and a number of the flavonols and 

anthocyanins that are found at relatively low abundance in ripe fruit such as a 

kaempferol-hexoside, cyanidin-glucoside and peonidin-(coumaroyl)glucoside 

(Supplementary table S3.3).  Clusters J, K and L contained compounds that exhibited 

significant increases in concentration towards the latter stages of ripening.  These 

contained the major anthocyanins delphinidin- and cyanidin-rutinoside as well as 

other less abundant anthocyanins (delphinidin-glucoside, petunidin-(coumaroyl) 

glucoside) and the flavanol kaempferol-hexoside-deoxyhexoside.  Furthermore, a 

spectrophotometric measure of total anthocyanins localised to cluster K 

(Supplementary table S3.3). 

3.2.11 Seed development 

Blackcurrant seed contains significant amounts of -linolenic acid (LA), -linolenic 

acid (GLA) and other essential nutritional fatty acids (Ruiz del Castillo et al., 2001, 

Dobson et al., 2012, Jarret et al., 2013).  In order to identify sources of fatty acids in 

developing blackcurrant fruit, seed was dissected and analysed as described in 

methods (section 2.3.6).  Each stage of seed was weighed and a range of fatty acids 

present in the seed were quantified.  Visual changes in seed development are 

presented in Figure 3.18.  Seed mass significantly increased throughout fruit 

development with a slight plateau at stages 2-3 (Figure 3.19).  This was in line with 

seed development patterns observed in grape (Kennedy et al., 2000). 
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Figure 3.18  Photograph of representative sample of developing seed across the six 

stages of fruit development extracted from: 1 - small green fruit, 2 - large green fruit, 

3 - green-red fruit, 4 - red-green fruit, 5 – red fruit, 6 - ripe fruit. 

 

 

 

 

Figure 3.19  Blackcurrant seed weight during fruit development.  Bars represent 

mean weight in grams (Mean [g] seed -1) of individual seeds ± SE (n=4) n=number 

of fruit (Y-axis).  X-axis represents developmental stage of fruit from which seed 

was extracted: 1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 5 - red, 

6 - ripe.  Letters above bars represent significantly different values according to 

Fishers protected LSD test (P<0.05). 
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In relation to whole fruit, seed accounted for most of the fruit weight between stages 

3-6 (Figure 3.20).  In stage one, epidermis had the highest mass in fruit and in stage 

two seed and skin mass was nearly equal (Figure 3.20). 

 

 

Figure 3.20  Fruit, seed, skin and flesh mass comparison throughout blackcurrant 

fruit development.  Presented as a mean weight in grams (Mean [g] fruit
-1

) (Y-axis) 

across the six stages of fruit development: 1 - small green, 2 - large green, 

3 - green-red, 4 - red-green, 5 - red, 6 - ripe. 

 

3.2.12 Quantification of essential fatty acids 

Blackcurrant juice is produced by pressing the fruit for extraction, leaving a seed-

rich residue or cake as a by-product of this process (Helbig et al., 2008).  The berry 

seed material contains a range of nutritional compounds including fatty acids and 

their potential application as functional food or health supplements were previously 

investigated (Dobson et al., 2012).  Fatty acid analysis was performed on both whole 
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fruit and seed in order to confirm sources of lipids in fruit as described in section 

2.3.6. 

In seed, fatty acids levels were lowest in the first stage of fruit development, 

accumulated between stages 1-3 prior to declining between stages 4-6.  In contrast to 

seed, the highest concentration of fatty acids in fruit was recorded in small green 

fruit which then decreased in second stage to the lowest value and increased again in 

stage 3, 4 and decreased in stages 4-6 (Figure 3.21).  This may suggest that while in 

first stage seed mass is less proportional to the whole fruit, fatty acids will be stored 

in other parts of the fruit and accumulation in seed will occur during active growth of 

seed in stages 1-4, after which seed will continue increasing in size but FA will 

remain stable or will be synthesised further. 
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Figure 3.21  Total fatty acid content in fruit and seed presented as a mean 

concentration per mg fatty acids per g of sample (Y-axis) across the six stages of 

fruit development: 1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 

5 - red, 6 - ripe (X-axis). 
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overall fatty acid make up in fruit and was present at the highest concentration in 

first stage of fruit development. 

Linoleic acid was the most abundant fatty acid in seed, followed by γ-linoleic (GLA) 

and α-linoleic acid (ALA) (Figure 3.22B).  Stearidonic acid was the least abundant 

amongst six major fatty acids and palmitic and oleic acids were present at slightly 

higher levels and their accumulation values were similar. 

Accumulation of all fatty acids in seed followed a similar pattern with an increasing 

trend between stages 1-3 reaching a peak of accumulation in stages 3 and 4 followed 

by a decrease in remaining stages (Figure 3.22B). 
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Figure 3.22  Major fatty acids in blackcurrant fruit (A) and seed (B) during fruit 

development, expressed as mg g DW
-1

 (Y-axes).  Bars are presented in the order of 

the legend; white - palmitic acid, dotted - oleic acid, dark grey - linoleic acid, 

diagonal lines - γ-linolenic acid (GLA), light grey - α-linolenic acid (ALA), 

black - stearidonic acid, across the six stages of fruit development (X-axes): 

1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 5 - red, 6 - ripe. 
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3.3 Discussion 

Phenotypic analysis of developing blackcurrant fruit has provided an overview of the 

magnitude of physiological and metabolomic changes during fruit development, in 

particular, identification of major transitions in fruit growth and metabolite 

abundancy, accumulation patterns and insights into metabolic regulation. 

Blackcurrant fruit exhibited a similar ripening pattern to those of highbush blueberry 

(Vaccinium corymbosum) (Zifkin et al., 2012), peach (Lombardo et al., 2011) and 

grape (Deluc et al., 2007), dividing ripening into three main periods; growth, colour 

development and softening, and ripening.  Fruit followed two successive sigmoidal 

growth periods separated by a lag phase in-between; in grape coinciding with 

véraison (Coombe, 1992b) (Figure 3.2). 

Blackcurrant physiological development indicated rapid exponential growth in the 

first stages of fruit development, expressed both in berry weight (Figure 3.2) and 

fruit diameter (Figure 3.3) during berry formation (Srivastava, 2002), seed growth 

(Figure 3.19) and accumulation of several metabolic compounds (Dai et al., 2013).  

Fruit firmness increased during this phase (Figure 3.4) and was proportional to seed 

growth during the same period (Figure 3.19). 

Early stages of active growth were characterised by elevated levels of 

proanthocyanidins (tannins, Figure 3.16), phenolic acids (chlorogenic and cinnamic, 

Figure 3.17C), organic acids (malic, Figure 3.10B; succinic, threonic and quinic, 

Figure 3.17E, F), and amino acids (Figure 3.16; Supplementary table 3.2A, B).  

Proanthocyanidins provide protection against predation (Dixon et al., 2005) and give 

an astringent flavour which is also driven by malic acid (Marsh et al., 2004).  In data, 

immature, green seeds and fruit epidermis were present in the relatively high 
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proportion to flesh in small developing fruit (Figure 3.1, Figure 3.18, Figure 3.20).  

The deposition of proanthocyanidins in the endothelial layer of the seed coat and in 

fruit skin during early stages of development in many species appears to be a classic 

example of a pre-formed protective barrier (Dixon et al., 2005).  Patterns of 

accumulation of malic acid differ between plants and varieties and cannot be simply 

classified (Kliewer et al., 1967).  In blackcurrant (Figure 3.10B), malic acid 

displayed a gradual loss during ripening with a high abundance in the first stage of 

fruit development.  In early stages malate is accumulated mostly through the 

metabolism of sugars (Hale, 1962) which may be associated with the observed 

decrease of sugar levels in second stage of fruit development (Figure 3.11). 

During later stages of fruit development malate is considered an important source of 

carbon for a range of metabolic pathways such as the citric acid cycle and 

respiration, gluconeogenesis, amino acid interconversion and the production of 

secondary compounds such as anthocyanins and flavonols (Famiani et al., 2000).  In 

the present study a decrease in malate in fruit progressed from the red to ripe stage of 

development which was associated with anthocyanin accumulation (Figure 3.12 and 

Figure 3.13) perhaps supporting the role of malate as a substrate for anthocyanin 

synthesis in blackcurrant fruit.  Also accumulating during the initial period of 

blackcurrant fruit growth was cinnamic acid (Supplementary table S3.2) and 

similarly to its hydroxyl derivative – hydroxycinnamic acid accumulating in grape 

(Lee and Jaworski, 1989) and strawberry (Lunkenbein et al., 2006) may serve 

function of the biogenetic precursor of diverse secondary metabolites, such as the 

flavour constituents.  18 amino acids were particularly abundant in second stage of 

fruit development (Figure 3.16) and those included glutamic acid, L-valine, β – 

alanine, asparagine and leucine (Supplementary table S3.2).  Amino acids are the 
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base structure for proteins, which serve many different functions from structural 

(supportive), metabolic (enzymes and stimulation), to nutrient transport and more. 

Prolific functions of amino acid include quality control such as size, flavour and 

coloration of fruits and stimulation of synthesis of vitamins, which occurred in the 

next developmental stage (lag phase) in example of ascorbic acid and appearance of 

fruit coloration (Figure 3.1 and Figure 3.9). 

A characteristic event took place in the middle stages of fruit development (stage 3-

4) where an evident lag phase and cessation of growth occurred (Figure 3.2 and 

Figure 3.3) which can be linked to slight dehydration of blackcurrant fruit (Figure 

3.2).  A similar process can be observed in grape (Deluc et al., 2007), known to be a 

‘switch’ phase between growth and ripening, and this may be similar in blackcurrant.  

This phase can be associated with a change of water and nutrient supply from xylem 

to phloem.  In grape the xylem plays an important part in berry development, 

primarily in the early stages up until véraison.  The phloem is responsible for 

carbohydrate transport from the leaf canopy to the vine, and subsequently to the 

berry (Greenspan et al., 1994).  At this stage the total number of cells within the 

berry is established (Harris et al., 1968), hence a slight cessation of growth.  The lag 

phase is characterised by berry softening and colour development.  As a consequence 

of cell structure alterations such as changes in cell wall thickness, hydration, 

decrease in the structural integrity, increase in intercellular spaces and cell 

elongation occurring during ripening in plants (Redgwell et al., 1997, Srivastava, 

2002), blackcurrant fruit firmness decreased post mid (stage 3, Figure 3.4) and in 

ripening stages of the fruit development.  Skin mass was also decreasing in 

proportion to seed and fruit during that period (Figure 3.20), exposing fruit to greater 

vulnerability to applied force as a result of cell wall disassembly (Brummell, 2006).  
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Fruit continued to gain mass (Figure 3.2) but not size (Figure 3.3) in final fruit 

ripening stages. 

Some groups of fatty acids have significance in health promoting activities 

(Deckelbaum and Torrejon, 2012) and potential utilisation of juice press residues 

(Helbig et al., 2008).  Blackcurrant fatty acids were found to reach a peak of 

accumulation in the third stage of blackcurrant development (Figure 3.17G and 

Figure 3.21), in agreement with accumulation in peach (Lombardo et al., 2011).  

Being primarily located outside seed in first stage of fruit development (Figure 3.21), 

fatty acids are subsequently synthesised in maturing seed.  After stage 4, fatty acid 

content appeared to be decreasing, but this might be an effect of ‘dilution’ as seed 

and fruit continued to grow (Figure 3.2 and Figure 3.19). In agreement with previous 

studies (Ruiz del Castillo et al., 2001, Ruiz del Castillo et al., 2004, Bakowska-

Barczak et al., 2009), linoleic acid (LA, omega-6) was the major fatty acid found in 

blackcurrant seed (Figure 3.22).  LA is a nutritionally important fatty acid with 

potential health benefits as a functional food ingredient (Kim et al., 2016).  Together 

with -linolenic acid (GLA), α-linolenic acid (ALA, omega-3) and stearidonic acid 

(SA), also found in borage and evening primrose oil, those fatty acids are used as a 

dietary supplements (Barre, 2001).  Linoleic and α-linolenic acids are classified as 

essential fatty acids (EFA) (Whitney and Rolfes, 2007) which are required for good 

health but cannot be synthesised by humans or animals. 

Ascorbic acid (AsA) (Figure 3.9) also accumulated during the ‘lag phase’ period of 

blackcurrant development, but its concentration decreased after stage 4 – red-green 

fruit, as a result of increasing fruit mass, which was also observed in a previous 

study (Viola et al., 2000).  Blackcurrant fruit is a rich source of ascorbic acid (Viola 
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et al., 2000, Brennan, 2008) and is valued by the processing industry due to its 

potential health benefits (Brin, 1982) and reducing properties preserving food colour 

and freshness (Dubois, 1949).  AsA also contributes to flavour, providing a tart taste 

associated by the consumer with fresh fruit.  Ascorbate biosynthesis, previously 

studied in blackcurrant (Hancock et al., 2007), indicated that its accumulation occurs 

via the L-galactose pathway.  It is also genetically regulated (Walker et al., 2010, 

Vagiri et al., 2013) and it has been demonstrated that high AsA content is highly 

heritable and a valid trait as a target for breeding. 

In contrast to ascorbate, soluble sugars (glucose, fructose) continued to accumulate 

in the final stages of fruit development (Figure 3.5 and Figure 3.11).  Final phase of 

fruit development – ripening – was the most evident period, characterised by 

development of colour, further softening of the fruit and the accumulation of 

important quality compounds such as sugars, anthocyanins, carotenoids and organic 

acids.  The soluble sugar concentration of fleshy fruits is a key determinant of fruit 

quality. It affects directly the sweetness of fresh fruits and indirectly the properties of 

processed products (e.g. alcohol content in wine) (Dai et al., 2016).  Despite 

considerable differences among species in sugar make up and ratios, soluble sugar 

accumulation in fruit results from the complex interplay of sugar import, sugar 

metabolism, and water dilution.  Accumulation of sucrose, glucose and fructose in 

fruits such as peach (Bianco and Rieger, 2002), strawberries (Fait et al., 2008) and 

blackcurrant (Hancock et al., 2007) is evident during ripening.  In blackcurrant, 

sugar accumulation followed a double sigmoidal pattern and reached the highest 

values in stage 6 – ripe fruit (Figure 3.11).  In blackcurrant, fructose levels, similarly 

to pear, apple and cantaloupe melon, were higher than those of sucrose (FoodWorks, 

2015).  Fructose has a high relative sweetness and is used commercially in foods and 
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beverages (Hanover and White, 1993).  Sugars play an important part in blackcurrant 

processing; its index °Brix determines ripeness and readiness for the harvest, and 

affects the price paid by the processor to growers on factory entry and flavour of the 

end product (Laaksonen et al., 2014).  High-sugar content is a positive driver for 

fruit palatability; however, the flavour of fruit is determined by numerous 

constituents and most of them are generated during ripening phase of fruit 

developmental process (Osorio and Fernie, 2013). 

The content of sugars and organic acids and the ratios between them play a 

significant role in the overall flavour of fruit. In contrast to malate (Figure 3.10B), 

citrate accumulation occurred at later stages of blackcurrant fruit development.  This 

could be explained by biosynthetic regulation, as citric acid is produced from 

dicarboxylates, mostly malate (Etienne et al., 2013).  Citric acid was the most 

abundant organic acid in blackcurrant and unlike in apple and pear for which malic 

acid is a dominant organic acid (Yamaki, 1984, Lu et al., 2011), blackcurrant 

dominance of citric acid was in line with that of citrus fruit (Yamaki, 1989).  Citric 

acid may have contributed to decreasing pH throughout fruit development (Figure 

3.6) and together with ascorbate and other polyphenols to astringent flavour.  Acidity 

of blackcurrant is one of the traits selected for in commercial breeding programmes 

and, although it is important to maintain it, blackcurrants with lower total acidity are 

in preference for many products (Brennan and Graham, 2009). 

The final and pivotal quality component of blackcurrant fruit, accumulating in 

ripening stages of fruit development was colour.  The change of colour from green to 

red is typical of many fruits and is largely due to chlorophyll degradation and 

accumulation of pigments (Klee and Giovannoni, 2011).  Two main types of 

pigments contribute to fruit colour, yellow, orange and red carotenoids which 



 126 Chapter 3 

accumulate in chloroplasts as they are transformed to chromoplasts and red, blue and 

violet anthocyanins which are deposited in vacuoles.  Carotenoids are antioxidants, 

they are used as supplements (β-carotene), their indirect biological function in 

humans includes the capacity to be converted to vitamin A, an important component 

for vision (Stevenson and Lowe, 2009).  In blackcurrant, degradation of chlorophyll 

a and b was evident and continued throughout the fruit development (Figure 3.7).  

As opposed to grape (Farina et al., 2010), and in agreement with tomato (Lopez-

Vidal et al., 2014), carotenoids increased in the last two stages of fruit development, 

but this might be due to an over-representation of carotenoids by anthocyanin 

overlap (Solovchenko, 2010) (Figure 3.23).  The methods chosen for quantification 

of carotenoids and anthocyanins (section 2.3.3. and 2.3.2.3.1) have a window where 

their absorbance values overlap for carotenoid at 470 nm and for anthocyanins at 510 

nm (Figure 3.23). 
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Figure 3.23  Plant pigments spectra of chlorophyll a (red, Chl-a) , carotenoid (blue) 

and anthocyanin (green).  Values presented as normalised intensity arbitrary units 

(AU) (Y-axis) demonstrating overlap (shaded area) of anthocyanin and carotenoid 

wavelengths (nm) (X-axis), as adapted from ‘Photoprotection of plants via optical 

screening’ (Solovchenko, 2010). 

 

The second and most significant component contributing to colour of blackcurrant 

fruit was anthocyanins.  Due to their antioxidant properties and potential role in 

health related benefits such as prevention of cardiovascular and neuronal illnesses, 

cancer and diabetes (Zafra-Stone et al., 2007, Darvesh et al., 2010, Belkacemi and 

Ramassamy, 2014), anthocyanins have received a lot of attention from both the 

public and academia.  Plant breeders have in recent years particularly focused on 

varieties that show the greatest colour intensity in ripe fruit, due to aspects linked to 

fruit processing (Woodward et al., 2011), consumer associations with quality and 

taste (Vogel et al., 2010), an increasing body of evidence of health benefits and the 

fact that some pigments are precursors of volatile compounds (Lopez-Vidal et al., 

2014).  Anthocyanins are often markers of ripening, as many fruits accumulate them 
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only during the ripening phase (Macheix and Fleuriet, 1990).  Cyanidin is the most 

common anthocyanidin and is found in 80% of fruits, contributing to the bright red 

colour found in berries such as strawberries, raspberries and cherries (Jaakola et al., 

2002).  The next most common anthocyanidins are delphinidins and together with 

their derivatives petunidins and malvidins are responsible for dark bluish colours.  A 

key desirable trait for consumers and processors is a stable purple colour derived 

from anthocyanins with a higher delphinidin to cyanidin ratio giving greater purple 

intensity (Brennan, 2008).  Dark coloured berries such as bilberry (Vaccinium 

myrtillus), chokeberry (Aronia), blackcurrant, blueberry and blackberry are rich 

sources of anthocyanins (Wang et al., 1996, Määttä-Riihinen et al., 2004).  

Consistent with previous studies (Nwankno et al., 2012, Mikulic-Petkovsek et al., 

2015) in blackcurrant, delphinidin-3-O-rutinoside was the most abundant 

anthocyanin and accumulated in the last stage of fruit ripening (Figure 3.13), 

followed by cyanidin-3-O-rutinoside and cyanidin-3-O-glucoside.  Total anthocyanin 

accumulation increased with fruit development (Figure 3.12) and coincided with 

sugar biosynthesis in fruit (Figure 3.16) which is also reflected in grape where 

berries with higher sugar concentration resulted in wines with higher anthocyanin 

and lower tannin concentration (Lafontaine et al., 2015). 

In summary, compounds produced during the first period of fruit growth (organic 

acids, tannins) combine functions of protecting and deterring from fruit consumption 

and serve as precursors for secondary metabolism occurring later in fruit 

development (Figure 3.24).  In the middle stages of fruit development, ascorbic acid 

is accumulated, seed fatty acids are formed, colour appears and softening begins, 

indicating the beginning of a switch from growth to ripening stage (Figure 3.24).  In 

the ripening stage, major primary (e.g. sugars) and secondary metabolites are 
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formed, coupled with further fruit softening and development of rich dark colour due 

to anthocyanin biosynthesis, all in order to aid fruit attractiveness and seed dispersal 

(Figure 3.24). 

Overall, the data indicate the magnitude of the changes in fruit phytochemistry 

throughout blackcurrant fruit development.  As such they indicate the utility of 

ripening fruit as a model for the association of gene expression with the 

accumulation of specific fruit phytochemicals. 

 

 

Figure 3.24  Graphical over-representation of key events and metabolite 

accumulation throughout six stages of blackcurrant development and a line graph 

overlay of dry weight of fruit in grams during the fruit development. 
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4.1 Introduction 

Genome-wide analysis of gene expression patterns is enabled by developments in 

transcriptomics technology.  Identifying genes that show altered expression patterns 

due to a particular treatment, or at a specific developmental stage, is one way of 

identifying genes that are potentially useful under certain conditions or in the 

development of new cultivars with desirable traits (Slater et al., 2008).  This has 

aided the understanding of mechanisms underlying processes of metabolism, 

development, diversity and evolution (Unamba et al., 2015).  In climacteric and non-

climacteric fruit, developmental processes are studied and amongst other approaches 

transcript analysis aids understanding of the regulatory genes and networks involved 

in fruit development (reviewed by Gapper et al., 2014).  Transcriptomics have driven 

the discovery of novel ripening regulators; this is especially significant in tomato 

(Lin et al., 2008, Vrebalov et al., 2009, Chung et al., 2010, Lee et al., 2012, 

Fujisawa et al., 2013, Fujisawa et al., 2014) but also in other fleshy fruits such as 

apple, peach, pear, strawberry (Mu et al., 2016) and grape (Fortes et al., 2011, 

Sweetman et al., 2012).  These indicate the importance of transcription factors and 

hormonal networks in the developmental processes of fruit.  Several studies were 

conducted concerning the role of ethylene in ripening of tomato (Alba et al., 2005, 

Kumar et al., 2012a, Lee et al., 2012) and other complex hormonal controls 

underpinning fruit formation in the same species (Pattison et al., 2015), grape 

(Koyama et al., 2010) and other fleshy fruits (Kumar et al., 2014).  Several 

transcription factors were described as pivotal in fruit ripening of tomato (Fujisawa 

et al., 2013), blueberry (Zifkin et al., 2012) and also in peach (Trainotti et al., 2006) 

and grape (Fortes et al., 2011). 
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For Ribes a custom cDNA microarray platform was generated from ESTs derived 

from buds at various stages of dormancy (Hedley et al., 2010).  This and a following 

study (Russell et al., 2011) identified key changes in gene expression related to 

dormancy and identified putative candidate genes linked to this process, as well as 

other novel genes with a wide range of putative function and localisation.  Since 

then, a genome-wide blackcurrant microarray developed from next generation RNA-

seq data has been designed, and this has been used in identification of genes linked 

to lipid biosynthesis in blackcurrant seed (Jarret et al., 2013) and putative candidate 

genes involved in drought stress (Čereković et al., 2015). 

In order to provide insights into the blackcurrant transcriptome and to identify key 

changes in patterns of gene expression during blackcurrant development, a custom 

designed Agilent microarray (section 2.4.2) was used at six stages of fruit maturity.  

RNA samples submitted for transcriptome analysis corresponded to the fruit stages 

analysed previously in the metabolomic study (sections 2.1.1.1. and 2.4.1).  In this 

chapter, the main regulatory networks elucidated from the blackcurrant 

transcriptome will be described. 

4.2 Results 

4.2.1 Quality of RNA extracted from developing blackcurrant fruit 

Total RNA was extracted as described in section 2.4.1.  The extraction protocol was 

amended in order to obtain high quality RNA which, in fruit samples, is often 

challenging due to high levels of polyphenols, polysaccharide and protein 

contaminants (Jones et al., 1997).  The quality of extracted RNA was estimated 

using the RNA integrity number (RIN) algorithm following electrophoretic 
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separation of ribosomal RNA on the Bioanalyzer instrument as illustrated for small 

green fruit in Figure 4.1.  RIN values range from 10 (intact) to 1 (totally degraded) 

(Schroeder et al., 2006) with RIN values of developing fruit samples ranging 

between 6.3 – 8 (Table 4.1) representing sufficiently intact RNA to be used for 

subsequent microarray analysis.  In addition to checks for RNA integrity, samples 

were also quality controlled spectrophotometrically using a NanoDrop™ to test for 

proteinaceous, phenolic or other contaminants.  As indicated in Table 4.1, 260/280 

nm ratios, indicative of protein or polyphenol contamination, and 260/230 nm ratios, 

indicative of carbohydrate contamination, were within acceptable limits. 
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Figure 4.1  Bioanalyzer RIN algorithm evaluation in two test samples (small green 1 

and small green 2) as compared to ladder (standard) indicating consistency and 

optimal quality values.  Values represented are: total RNA areas, RNA concentration 

in ng/µl, ratio of rRNA 28s/18s, flagging colour representing RIN number (flagging 

label), length of the analysis (start time [s], end time [s]) and rRNA peak areas.  

X-axis represents time in seconds [s], Y-axis fluorescence [FU]. 
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Table 4.1  Quality attributes of total RNA samples extracted from six stages of 

blackcurrant developing fruit: small green, large green, green-red, red-green, red and 

ripe, with target values and results for spectrometric NanoDrop analysis, ratios for 

260/280nm and 260/230nm readings, yield in ng/µl and RIN (Bioanalyzer) number 

at a scale 0-10. 

 

 

4.2.2 Experimental design and data analysis 

A custom-designed RNA-seq-based microarray platform based on ~75,000 de novo 

assembled contiguous transcripts was used for analysis (array design A-

MEXP_2372; http://www.ebi.ac.uk/arrayexpress/) (section 2.4.2).  This microarray 

represents ~40,000 unique transcripts as single 60-mer oligonucleotide probes.  In 

total, 18 microarrays were processed, consisting of 3 biological replicates of each of 

Fruit Stage Sample ID 260/280nm 260/230nm ng/µl Bioanalyzer

1 1.50 2.15 1231.20 6.70

2 2.15 2.20 1270.70 6.70

3 2.11 2.21 816.20 6.80

4 2.09 2.15 578.70 7.10

5 2.07 1.93 418.70 6.90

6 2.08 2.22 551.60 6.30

7 2.11 2.20 934.40 6.50

8 2.10 2.16 618.00 6.70

9 2.03 1.85 79.60 7.20

10 1.97 1.35 429.70 7.40

11 2.02 2.09 386.70 7.70

12 2.01 1.49 372.30 7.70

13 1.86 1.12 362.30 7.00

14 2.08 1.78 404.40 7.60

15 2.06 1.65 192.20 8.00

16 1.99 1.61 715.80 7.60

17 2.01 1.80 795.80 7.70

18 2.02 1.90 586.90 7.50

Target 1.5-2.0 >1.5 70-100 0-10

Ripe

Small Green

Large Green

Green-Red

Red-Green

Red
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the 6 developmental stages (Table 2.1).  Data were extracted from images using 

Feature Extraction software (Agilent) and subsequently imported into GeneSpring 

(Agilent) for pre-processing and normalisation. Default 1-colour microarray 

normalisation was performed to ensure labelling differences were taken into account.  

Data were filtered to remove those probes with no consistent reliable signal, based 

upon flags (present or marginal relative to background signal).  In total, 32,156 

filtered probes were then subjected to one-way ANOVA analysis with fruit 

developmental stage as the variable using Genespring software (section 2.5.1) and 

significantly differentially expressed genes were identified.  Two stringency 

thresholds were applied, one at P-value ≤0.05 (5%) and one at P-value ≤0.005 

(0.5%).  This identified 8281 and 1432 significantly changing genes between any of 

the 6 developmental stages respectively.  In the first set of 8281 genes, 4714 had 

significant homology to known Arabidopsis thaliana loci, and in the second set 

(1432 genes) 859 had a significant annotation in the same reference species.  Some 

genes also exhibited homologies to other woody species such as peach (Prunus 

persica), apple (Malus domestica) and grape (Vitis vinifera). 

The higher stringency set of differentially abundant transcripts was taken forward for 

further statistical analysis and interpretation. 



 137 Chapter 4 

 PCA 4.2.2.1

Principal components analysis (PCA) was used to group fruit samples according to 

the profiles of 1432 highly significantly (P≤0.005) differentially expressed 

transcripts and to identify variation within the dataset.  The first two principal 

components accounted for 67% and 16% respectively of the total variation within the 

data, and clearly separated individual fruit stages as well as clustering replicates of 

any one fruit stage (Figure 4.2). 

 

 

Figure 4.2  Principal component analysis (PCA) plot of 1432 transcripts (ANOVA 

P<0.005) across the six stages of fruit development, with three replicates of: 

SG - small green, LG - large green, GR - green-red, RG - red-green, Red and Ripe.  

Components 1 and 2 explained up to 67% and 16% variation respectively. 
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 Heatmap tree clustering 4.2.2.2

A heatmap hierarchical clustering of the 1432 probes was created to obtain a quick 

overview of gene expression patterns at different stages of fruit development (Figure 

3.1, Figure 4.3).  This analysis indicated clear changes in gene expression throughout 

development with a clear demarcation between genes expressed early in fruit 

development from those expressed later in fruit development, as well as a number of 

other patterns of discernable expression.  In order to further delineate patterns of 

gene expression as well as to identify enrichment within certain physiological and 

molecular functions, a more detailed analysis was conducted using K-means 

clustering. 
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Figure 4.3  Heatmap tree clustering of 1432 genes obtained by ANOVA filtering at 

P-value 0.5% across six stages of fruit development created using Genespring 

software.  Red colour indicates high expression and green low expression; all 

intermediate colours are presented on a scale bar. 

 

 K-means 4.2.2.3

In order to obtain an overview of significant changes in gene expression during fruit 

development, 1432 differentially expressed transcripts as estimated by analysis of 

variance (P ≤0.005) were clustered using the K-means algorithm producing six 
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clusters exhibiting similar expression profiles (Supplementary table S4.1 Set A-F).  

Clusters A, B and C, containing 241, 256 and 273 transcripts respectively, exhibited 

a decline in transcript abundance over development (Figure 4.4).  Transcripts in 

cluster D (141 transcripts) were present at low abundance in small green and ripe 

fruit but were more abundant during mid-fruit development (Figure 4.4).  Cluster E 

(209 transcripts) comprised transcripts that were least abundant at the large green 

and green-red stages, while transcripts in cluster F (312 transcripts) exhibited an 

increasing trend in abundance throughout the developmental period (Figure 4.4). 
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Figure 4.4  K-means clustering of significantly changing gene expression (P≤0.005) 

profiles, divided into six gene sets (A-F) representing divergent expression patterns 

across six stages of fruit development: 1 - small green, 2 - large green, 3 - green-red, 

4 - red-green, 5 - red, 6 - ripe (X-axis).  Y-axis represents fold-change (log10 scale).  

Transcripts are coloured by expression in first developmental stage as per scale bar 

and were created using Genspring software. 
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4.2.2.3.1 GO-term annotation 

In order to obtain a general overview of putative gene function and underlying 

biological processes within probes contained in K-means clusters (Figure 4.4), 

individual gene sets were analysed for enrichment of Gene Ontology (GO) terms 

using online software AgriGO (section 2.5.4).  Frequencies of GO categories in 

blackcurrant data sets were compared to those in the Arabidopsis thaliana database 

(TAIR9) (Supplementary table S4.2 SET A-F), and the top 5 most significant terms 

concerned with biological processes are presented for each cluster in Table 4.2 – 

Table 4.7.  Remaining terms are presented in Supplementary table S4.2 SET A-F. 

Cluster A contains 135 transcripts that have high confidence Arabidopsis 

homologues (Supplementary table S4.2 SET A).  Consistent with active cell division 

at the early stages of fruit development (3.2.9.2), transcripts associated with the ‘cell 

cycle’ (GO:0007049) were the most significantly enriched in this cluster with a little 

over 10% of the transcripts associated with this function compared with less than 1% 

of genes in the Arabidopsis genome being associated with the same function (Table 

4.2, Supplementary table S4.2 SET A).  These included transcripts (comp11660, 

comp3973, comp4449, comp5241) with homology to a range of cyclins (at1g16330, 

at1g20610, at5g06150, at5g11300), cyclin dependent protein kinases 

(comp386/at1g20930, comp2647/at2g38620), and other transcripts expressed in 

actively dividing cells such as TSO2 (comp969/at3g27060) encoding a 

ribonucleotide reductase and UV-B INSENSITIVE 4 (comp7557/at2g42260) which 

is mainly expressed in actively dividing cells.  Consistent with active cell division, 

GO terms associated with ‘DNA replication’ (GO:0006260) were also highly 

significantly overrepresented within this cluster (Table 4.2, Supplementary table 

S4.2 SET A) and included transcripts with homology to Arabidopsis transcripts 
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encoding MINICHROMOSOME MAINTENANCE 10 (comp12886/at2g20980) 

required for the initiation of DNA replication and TELOMERASE REVERSE 

TRANSCRIPTASE (comp20703/at5g16850). 

 

Table 4.2  Five most significant enriched GO terms identified in set A K-means of 

probes having Arabidopsis homologs, listing: Arabidopsis Gene Ontology (GO) 

accession number; function description; and P-value. 

 

 

Of the 256 transcripts associated with cluster B, 153 had significant Arabidopsis 

homologues.  The most significantly enriched GO category in this cluster was 

‘response to light’ (GO:0009416, Table 4.3, Supplementary table S4.2 SET B), 

where approximately 7% of significant annotated transcripts in this cluster were 

associated compared with only 1.5% of genes in the Arabidopsis genome.  These 

included a number of transcripts (comp446, comp2831, comp11926 and 

comp47425) with significant homology to Arabidopsis genes involved in red light 

signal transduction or response (at1g75780, at4g31500, at4g03400 and at4g32289, 

respectively).  Several of these genes are also known to be involved in auxin 

signalling and response (Cluis et al., 2004, Sun et al., 2013, Maharjan et al., 2014) 

and the gene ontology term response to ‘auxin stimulus’ (GO:0009733) was also 

significantly enriched within genes that were expressed within cluster B 

(Supplementary table S4.3 SET B), where almost 4% of the genes within this cluster 

Set GO accession GO description P-value

GO:0007049 cell cycle 2.70E-12

GO:0051726 regulation of cell cycle 1.60E-09

GO:0006260 DNA replication 1.70E-08

GO:0007017 microtubule-based process 2.80E-07

GO:0006259 DNA metabolic process 3.20E-07

A

GO - Gene ontology
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were associated with this GO term compared with <1% of Arabidopsis genes.  In 

addition to the homologues of at4g32280 and at4g03400, this cluster contained 

homologues of a GH3 family auxin response gene (comp6559/at2g47750), a small 

auxin upregulated RNA (comp6116/at1g72430) and two other auxin induced genes 

(comp2688/at5g65670 and comp10645/at3g23050).  Other significant GO terms 

included ‘cellular developmental processes’ (GO:0048869) and ‘anatomical structure 

morphogenesis’ (GO:0009653, Supplementary table S4.2 SET B).  Included in the 

former were genes homologous to those encoding expansins (comp9500/at4g38400 

and comp1051/at4g28250) as well as those required for pollen 

(comp6131/at2g19070) or embryo development (comp339/at5g23940).  The latter 

included a MADS box transcription factor (comp7052) with homology to 

Arabidopsis AGL7 (at1g69120) with roles in floral meristem identity and the 

regulation of cytokinin levels (Han et al., 2014). 

 

Table 4.3  Five most significant enriched GO terms identified in set B K-means of 

probes having Arabidopsis homologs, listing: Arabidopsis Gene Ontology (GO) 

accession number; function description; and P-value. 

 

 

Set GO accession GO description P-value

GO:0009416 response to light stimulus 3.90E-05

GO:0009314 response to radiation 5.00E-05

GO:0009628 response to abiotic stimulus 0.00035

GO:0019748 secondary metabolic process 0.00097

GO:0048869 cellular developmental process 0.0014

B

GO - Gene ontology
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Cluster C transcripts exhibited a sharp decline in expression between the small and 

large green stages of fruit development followed by a less abrupt decline in 

abundance throughout the remainder of fruit development (Figure 4.4).  Of the genes 

exhibiting this pattern of expression, 154 had Arabidopsis homologues, and the most 

significantly enriched GO term was ‘cell wall metabolism’ (GO:0042545, Table 4.4, 

Supplementary table S4.2 SET C) with more than 4.5% of the genes within this 

cluster associated, compared with less than 0.5% of genes within the Arabidopsis 

genome.  These included genes encoding proteins with functions in cell wall 

loosening, such as expansins (comp13986/at2g39700, comp2421/at3g29030), 

pectate lyases (comp31286/at2g36710, comp12064/at5g19730) and a xyloglucan-

xyloglucosyl transferase (comp55230/at1g10550).  Another GO term that was 

significantly enriched was associated with enzyme linked receptor ‘protein signalling 

pathway’ (GO:0007167) that was 10-fold more represented in cluster C transcripts 

than in the Arabidopsis genome (Supplementary table S4.2 SET C). 

The majority of the gene products have undefined function; however, comp13402 

was homologous to at5g56040 STERILITY-REGULATING KINASE MEMBER 2, 

a receptor-like kinase involved on the recognition of a CLV3/ESR-related (CLE) 

peptide required for the maintenance of pollen performance at higher temperatures 

(Endo et al., 2013).  The Arabidopsis genome encodes 27 different CLE peptides 

which play crucial roles in plant development suggesting that the product of 

comp13402 may play a role in signalling in fruit development.  A role for various 

hormones in early fruit development was also implied by the finding that transcripts 

associated with response to ‘hormone stimulus’ (GO:0009725) were significantly 

over-represented within cluster C (Supplementary table S4.2 SET C).  These 

included transcripts with roles in signalling or response to multiple hormones.  For 
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example, comp8696 was homologous to at1g15360, an ethylene response factor 

family member, two genes (comp10186, comp22903) had homology to MYB 

transcription factors (at5g15310, at1g08810) that respond to multiple hormonal 

signals including auxin, gibberellin, jasmonate, ethylene and salicylate.  In addition, 

several genes (comp16426, comp1435, comp3163) with homology to those encoding 

the auxin inducible proteins IAA19 (at3g15540), IAA27 (at4g29080) and SAUR50 

(at4g34760) were represented within cluster C.  Of particular interest was 

comp20486 with homology to Arabidopsis RGA-like 1 a DELLA protein known to 

interact with gibberellin receptors during fruit set (Gallego-Giraldo et al., 2014) and 

comp14790 homologous to the TEOSINTE BRANCHED1-CYCLOIDEA-PCF 15 

that modulates cytokinin and auxin responses during gynoecium development in 

Arabidopsis (Lucero et al., 2015). 

 

Table 4.4  Five most significant enriched GO terms identified in set C K-means of 

probes having Arabidopsis homologs, listing: Arabidopsis Gene Ontology (GO) 

accession number; function description; and P-value. 

 

 

Transcripts in cluster D exhibited greatest abundance during mid fruit development 

(Figure 4.4) and of the 141 transcripts associated with the cluster, 79 had 

Arabidopsis homologues, GO term enrichment was highly significant for a number 

Set GO accession GO description P-value

GO:0042545 cell wall modification 1.10E-06

GO:0006629 lipid metabolic process 0.0002

GO:0019748 secondary metabolic process 0.00021

GO:0007167 enzyme linked receptor protein signaling pathway 0.00033

GO:0007169 transmembrane receptor protein tyrosine kinase signaling pathway 0.00033

C

GO - Gene ontology
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of terms associated with development (Table 4.5, Supplementary table S4.2 SET D).  

For example, 20% of the annotated transcripts were associated with ‘anatomical 

structure development’ (GO:0048856; Supplementary table S 4.2 SET D).  A 

number of these transcripts were specifically associated with seed development and 

lipid accumulation and included a transcript (comp17985) with homology to oleosin 

2 (at5g40420), a major protein found in seed oil bodies (Miquel et al., 2014), a 

transcript (comp19411) homologous to FUS3 (at3g26790) a B3 domain transcription 

factor involved in the regulation of seed development (Wang and Perry, 2013) and a 

transcript (comp42616) homologous to ABNORMAL LEAF-SHAPE1, a subtilisin-

like serine protease required for normal embryonic cuticle formation (Xing et al., 

2013).  A number of the remaining transcripts were homologous to Arabidopsis 

genes encoding proteins involved in localised auxin synthesis and distribution; these 

included comp29042, a transcript with homology to SEUSS (at1g43850), a 

transcriptional co-regulator important for the correct pattern of auxin distribution in 

plant embryos (Lee et al., 2014) and comp17983 homologous to Arabidopsis AUX1, 

an auxin transporter that plays a role in female gametophyte development (Panoli et 

al., 2015).  Indeed, one of the significantly overrepresented GO terms was response 

to ‘hormone stimulus’ (GO:0009725) and as well as transcripts associated with auxin 

synthesis and metabolism, several transcripts associated with ABA responses were 

present.  These included comp17945, homologous to Arabidopsis 

PENTATRICOPEPTIDE REPEAT PROTEIN 40 (at3g16890), that is associated 

with mitochondrial complex III and acts as a negative regulator of ABA responses 

(Zsigmond et al., 2008) and comp19411 homologous to FUS3 (at3g26790) which in 

addition to having a role in seed development acts as a positive regulator of ABA 

responses (Tsai and Gazzarrini, 2012). 
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Table 4.5  Five most significant enriched GO terms identified in set D K-means of 

probes having Arabidopsis homologs, listing: Arabidopsis Gene Ontology (GO) 

accession number; function description; and P-value. 

 

 

The most significantly over-represented GO terms in cluster E were associated with 

responses to stimuli including both external stimuli (GO:0009605) such as wounding 

(GO:0009611) and endogenous stimuli (GO:0009719) including auxin 

(GO:0009733) and other hormones (GO:0009725, Table 4.6, Supplementary table 

S4.2 SET E).  The latter included comp12688 with homology to at4g11280 encoding 

ACC synthase required for ethylene biosynthesis and comp54101 homologous to 

at1g55020 homologous to lipoxygenase 1 required for jasmonate synthesis.  In 

addition, cluster E was enriched in transcripts suggesting active metabolism, 

transport and compartmentation within the fruit.  For example, transcripts associated 

with the biosynthesis of aromatic compounds (GO:0019438) and amino acid 

derivatives (GO:0042398) were significantly over-represented.  Transcripts 

associated with ‘transport’ (GO:006810), specifically ATPase coupled transport 

(GO:0042686), were also significantly over-represented. 

Set GO accession GO description P-value

GO:0009791 post-embryonic development 2.80E-10

GO:0048856 anatomical structure development 5.20E-07

GO:0007275 multicellular organismal development 8.20E-07

GO:0048608 reproductive structure development 9.80E-07

GO:0003006 reproductive developmental process 9.80E-07

D

GO - Gene ontology
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Table 4.6  Five most significant enriched GO terms identified in set E K-means of 

probes having Arabidopsis homologs, listing: Arabidopsis Gene Ontology (GO) 

accession number; function description; and P-value. 

 

 

Cluster F contained 170 transcripts that had homology to Arabidopsis transcripts.  

The most significantly overrepresented GO terms were associated with post-

translational protein modification (GO:0043687) and specifically protein 

phosphorylation (GO:0006468, Table 4.7, Supplementary table S4.2 SET F).  

Transcripts encoded a range of kinase classes including leucine-rich repeat as well as 

cysteine rich receptor-like kinases, calcium dependent kinases and a number of G-

type lectin receptor-like kinases.  The latter were represented by comp8848, 

comp8801 and comp20290 with homology to at4g32360, at1g61420/at1g61610 and 

at4g03230, respectively.  One of the Ca-dependent protein kinases identified 

(comp27921) exhibited homology to CALCIUM DEPENDENT PROTEIN 

KINASE 1 (at5g04870) that is known to phosphorylate phenylalanine ammonia 

lyase, a key rate limiting enzyme of phenylpropanoid biosynthesis (Cheng et al., 

2001) and has been shown to stimulate NADPH oxidase activity, suggesting a 

potential role for oxidative signalling in fruit maturation (Xing et al., 2001). 

Set GO accession GO description P-value

GO:0009733 response to auxin stimulus 1.80E-05

GO:0050896 response to stimulus 0.00019

GO:0009725 response to hormone stimulus 0.00023

GO:0009605 response to external stimulus 0.00038

GO:0009611 response to wounding 0.00039

E

GO - Gene ontology
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Table 4.7  Five most significant enriched GO terms identified in set F K-means of 

probes having Arabidopsis homologs, listing: Arabidopsis Gene Ontology (GO) 

accession number; function description; and P-value. 

 

 

Cluster F transcripts were additionally enriched in those associated with secondary 

metabolism (GO:0019748, Supplementary table S4.2 SET F) and included 5 

transcripts specifically associated with phenylpropanoid metabolism (GO:0009698).  

Interestingly, this group contained several transcripts (comp11039, comp26578 and 

comp236) with homology to Arabidopsis glutathione S-transferases (at3g03190, 

at1g78320 and at1g02920) that are becoming increasingly recognised as essential for 

transport of flavonoids into the vacuole (Zhao, 2015).  The remaining transcripts 

clustering within this GO category were primarily associated with terpenoid 

metabolism. 

 Regulatory networks in developing fruit 4.2.2.4

4.2.2.4.1 Transcription factors 

In order to gain an insight of networks controlling fruit ripening, expression of 

blackcurrant transcription factor homologues identified from grape and Arabidopsis 

databases were investigated.  Using this method, a total of 57 transcription factor 

homologues were identified (Supplementary table S4.3) which were subsequently 

Set GO accession GO description P-value

GO:0043687 post-translational protein modification 1.50E-08

GO:0006468 protein amino acid phosphorylation 7.90E-08

GO:0006464 protein modification process 2.70E-07

GO:0006796 phosphate metabolic process 4.90E-07

GO:0006793 phosphorus metabolic process 5.00E-07

GO - Gene ontology

F
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subjected to cluster analysis performed in Genespring (section 2.5.3).  Homologues 

grouped into four distinctive groups with expression peaking during mid-fruit 

ripening (Figure 4.5, cluster A), during early fruit development (cluster B), at the 

later stages of development (cluster C) or at both early and late stages of 

development with reduced transcript abundance during the middle developmental 

stages (cluster D). 

Many of the transcription factors expressed during the early stages of fruit 

development (Figure 4.5, cluster B) were homologous to Arabidopsis transcripts 

encoding transcription factors controlling developmental functions such as mitosis, 

cell proliferation and differentiation, fruit set and development, and seed 

development (Supplementary table S4.3). Several of these transcription factors were 

associated with the process of endoreduplication, where chromosomal division and 

mitosis are uncoupled resulting in an increase in cell ploidy.  Increased ploidy is 

commonly correlated with increased cell size (Bourdon et al., 2010) and it has been 

reported that fruit growth in Ribes species is driven solely by increased cell volume 

as cell division ceases following anthesis (Coombe, 1976).  Two of the early 

expressed transcription factors (comp14790 and comp1377) exhibited homology 

with Arabidopsis TEOSINTE BRANCHED, CYCLOIDEA AND 

PROFLIFERATING CELL FACTOR (TCP) transcription factors (at3g47620 and 

at4g18390, respectively).  TCP14 (at3g47620) is involved in the control of 

endoreduplication via the direct regulation of cell cycle genes (Peng et al., 2015) 

while TCP2 (at4g18390) has been shown to control the expression of NGATHA 

transcription factors, required for lateral organ growth (Ballester et al., 2015).  

Similarly, comp14962 with homology to the Arabidopsis E2F transcription factor 

DEL1 (at3g48160) is known to affect the developmental onset of endoreduplication 
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by directly controlling the expression of cell cycle associated transcripts (Lammens 

et al., 2008).  Other transcription factors associated with the control of cell fate that 

were expressed in early developing fruit included comp20486 that had homology to 

SCHIZORIZA (at1g66350) a heat shock factor-like transcription factor controlling 

asymmetric stem cell formation (Pernas et al., 2010) and comp9757 with homology 

to a GATA transcription factor (at2g45050) required for cellular differentiation 

during photomorphogenesis (Luo et al., 2010).  Similarly, two transcription factors 

(comp7052 and comp4271) with homology to the MADS box transcription factors 

AGL7 (at1g60910) and AGL8 (at5g60910) were expressed during early fruit 

development.  AGL7 has roles in flower development in Arabidopsis (Irish and 

Sussex, 1990) while AGL8, otherwise known as FRUITFULL, mediates cell 

differentiation during early fruit development (Gu et al., 1998). 

A second group of transcription factors that were abundant during early stages of 

fruit development were homologous to transcription factors with functions in cuticle 

development (Supplementary table S4.3).  The ethylene response factors SHINE1 

(at1g15360), SHINE2 (at5g11190) and the MYB16 transcription factor (at5g15310) 

work in a coordinated fashion to induce genes required for cuticle synthesis (Aharoni 

et al., 2004, Oshima et al., 2013) and homologues (comp8696, comp13789 and 

comp10186) of all three were expressed during the early stages of blackcurrant fruit 

development.  Furthermore, two HD-ZIP transcription factors comp43245 

homologous to ANL2 (at4g00730) and comp37267 homologous to HDG1 

(at3g61150) were highly expressed in early developing fruit (Supplementary table 

S4.3).  Tomato plants with a mutation in the homologue of ANL2 have significant 

defects in the fruit cuticle (Nadakuduti et al., 2012), while HDG1 has been identified 
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as a positive regulator of cuticle development in Arabidopsis and rice (Wu et al., 

2011). 

Group A comprised 13 transcription factor homologues that were most abundant 

during mid fruit ripening (Figure 4.5).  Many of these transcription factors encode 

proteins homologous to those with functions in seed and embryo development 

(Supplementary table S4.3).  These include comp5005, a zinc finger homeodomain 

transcription factor with homology to MATERNAL EMBRYO ARREST 68 

(at4g24660).  Arabidopsis lines containing a mutation in MEE68 exhibit an arrest of 

embryo development after a few cell divisions (Pagnussat et al., 2005).  Similarly 

comp9664, a WRKY transcription factor with homology to at5g56270 (WRKY2) 

was highly expressed during mid fruit development (Supplementary table S4.3).  In 

Arabidopsis WRKY2 drives the cell specific expression of WOX8 and WOX9 

homeobox genes that are required for early embryo patterning and wrky2 mutants 

exhibit distorted embryo development (Ueda et al., 2011).  Several transcription 

factors that are considered to be global regulators of embryo and seed development 

were also significantly overexpressed during the middle stages of fruit development.  

In Arabidopsis the LEAFY COTYLEDON group transcription factors LEC1, LEC2 

and FUS3 are essential for embryo development and FUS3 (at3g26790) has been 

shown to directly target a range of downstream genes required for embryo and seed 

development (Wang and Perry, 2013).  Significant upregulation of comp19411 that 

has homology to FUS3 was observed.  Furthermore, LEC1 is a nuclear factor Y 

transcription factor of the NF-YB family that forms subunits with NF-YA and NF-

YC factors.  Comp7231 which is homologous to at3g14020 (NF-YA6) was highly 

abundant during mid-fruit development and Arabidopsis plants overexpressing NF-

YA6 were affected in embryogenesis, seed morphology and seed germination (Mu et 
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al., 2013).  A zinc finger transcription factor (comp12034) that was highly abundant 

during mid-fruit development is homologous to the Arabidopsis ZF4 (at1g03790) 

that acts as a negative regulator of seed germination (Bogamuwa and Jang, 2013).  In 

addition to transcription factors specifically associated with embryogenesis and seed 

development, two other transcription factors with homology to Arabidopsis 

sequences with roles in development were present in group A.  Comp54929 had 

homology to at3g27010, a TCP transcription factor gene that participates in the 

regulation of cell expansion specifically targeting genes involved in cell wall 

biogenesis and modification (Herve et al., 2009).  Comp14216 had homology to an 

auxin response factor (at1g59750, ARF1), required for the regulation of a number of 

senescence processes including the post fertilisation abscission of floral organs (Ellis 

et al., 2005). 

Transcription factors in group C comprising a total of 12 transcripts displayed an 

increasing abundance towards the later stages of fruit development (Figure 4.5).  A 

small number of transcripts with homology to transcription factors involved in 

developmental control were present in this group (comp23890, comp18686 and 

comp3839).  Comp23890 is homologous to at5g39660 encoding CYCLING DOF 

FACTOR 2 involved in the photoperiodic flowering response in Arabidopsis 

(Fornara et al., 2009), comp18686 shows homology to at1g68800 encoding TCP12 

involved in the arrest of bud development in Arabidopsis (Aguilar-Martínez et al., 

2007) and comp3839 is homologous to at1g43850 encoding SEUSS that functions in 

floral organ identity (Wynn et al., 2014).  Of the remaining transcription factors 

exhibiting increased abundance at the later stages of fruit development the majority 

were homologous to Arabidopsis genes responsible for coordinating response to 

stress.  The expression of these transcripts were consistent with hypoxia in enlarging 
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fruit with comp12693 homologous to Arabidopsis WRKY75 (at5g13080) 

significantly increasing in abundance in the red and ripe developmental stages and 

comp10753 homologous to Arabidopsis HYPOXIA RESPONSE ATTENUATOR1 

(at3g10040) increasing in abundance at the ripe developmental stage (Figure 4.5).  

WRKY75 has previously been shown to increase in both abundance and ribosomal 

occupancy following exposure of Arabidopsis to hypoxia stress (Branco-Price et al., 

2005) while HRA1 interacts with the Arabidopsis ERF RAP2.12 to fine tune 

hypoxia response (Giuntoli et al., 2014).  Other stress responsive transcription 

factors induced later during fruit development included homologues of WRKY48 

(at5g49520) and WRKY13 (at4g39410) that play a role in the integration of 

responses to biotic and abiotic stress (Xing et al., 2008, Xiao et al., 2013), ABF2 

(at1g45249) that plays a role in the expression of ABA and stress regulated genes as 

well as glucose signalling pathways (Kim et al., 2004), the glutathione responsive 

transcription factor MYB15 (at3g23250) (Schnaubelt et al., 2015) and ERF2 

(at5g47220) that plays a role in the regulation of glutathione S-transferase expression 

in response to abiotic stress (Kouno and Ezaki, 2013) (Supplementary table S4.3). 

Group D transcription factors exhibited a pattern of expression where they were 

highly abundant during early and late fruit development but less abundant during the 

mid-phases of development, particularly at the large green stage (Figure 4.5).  The 

eight transcription factors identified in this group exhibited diverse functions being 

homologous to Arabidopsis transcription factors involved in ABA (comp6158 

homologous to ABF4, at3g19290) and auxin (comp562 homologous to IAA9, 

at5g65670) signalling (Liscum and Reed, 2002, Yoshida et al., 2015) and the 

circadian clock (comp3662 homologous to PRR5, at5g24470) (Nakamichi et al., 

2005) amongst other functions.  As observed with other expression patterns, several 
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transcription factors in group D had roles in cell fate and development.  These 

included comp19178 and comp13730 that were homologous to Arabidopsis WOX4 

(at1g46480) and WRKY23 (at2g47260), respectively.  WOX4 has a function in the 

definition of the vascular stem cell niche (Zhou et al., 2015) and was highly 

abundant in both small green and red-ripe fruit developmental stages.  Similarly, the 

controlled expression of WRKY23 is required for appropriate stem cell speciation 

and also regulates the biosynthesis of quercetin (Grunewald et al., 2013).  The 

abundance of comp19305 was high both at the small green and the red-ripe stages of 

development (Figure 4.5).  This transcription factor exhibited homology to an 

Arabidopsis tandem zinc finger transcription factor (at1g66810) that has roles in cell 

elongation via promotion of the expression of genes required for secondary cell wall 

biosynthesis and modification (Kim et al., 2014), suggesting a role both in cell wall 

biosynthesis during the early stages of fruit expansion and modification during the 

fruit softening stage. 
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Figure 4.5  Selected transcription factors presented as heatmap tree clusters based on 

their expression patterns, obtained by cluster analysis in Genespring software.  

Transcripts across six developmental stages: SG - small green, LG - large green, 

GR - green-red, RG - red-green, Red and Ripe, grouped into four categories A-D, 

with expression levels as per scale bar (red - high expression, green - low 

expression). 



 158 Chapter 4 

4.2.2.4.2 Hormones 

Plant hormones are known to influence and regulate many aspects of fruit growth 

and development (Crane, 1964, Nitsch, 1970, Ozga and Reinecke, 2003).  A range of 

Arabidopsis homologues associated with hormone metabolism were identified using 

a combination of approaches, including MapMan 

(http://mapman.gabipd.org/web/guest/mapman), Kyoto Encyclopedia of Genes and 

Genomes (Kegg, http://www.genome.jp/kegg/) and available literature by searching 

homologies in the dataset of 4714 transcripts obtained from ANOVA P≤0.05 (5%) 

(section 2.5.4).  Those were related to abscisic acid (ABA, Figure 4.6A), 

brassinosteroid (BA, Figure 4.6B), ethylene (Figure 4.6C), jasmonate (Figure 4.6D), 

auxin (IAA, Figure 4.6E), cytokinin (Figure 4.6F), salicylic acid (SA, Figure 4.6G) 

and gibberellin (GA, Figure 4.6H).  The role of ethylene in ripening is well 

understood, but there is still a lack of knowledge of other hormonal regulation and 

interplay in this process.  However, there is more emerging evidence of several 

signalling and cross talk of plant hormones in development and ripening of fleshy 

fruits (Kumar et al., 2014). 

Abscisic acid is a multifunctional plant hormone involved in plant growth and 

developmental processes, with a strong involvement in regulating ripening in both 

climacteric and non-climacteric fruits (Wheeler et al., 2009, Jia et al., 2011).  

Thirteen probes were recognised to have homology to ABA related transcripts in 

Arabidopsis (Figure 4.6A, Supplementary table S 4.4 SETA).  Four of those were 

upregulated in early stages (1-3) of blackcurrant fruit development - at5g23370, 

HVA22A, NCED4 and ABA2, of which the latter two are known to be involved in 

final steps of transformation between plastid and cytosol in formation of abscisic 

aldehyde from violaxanthin (Leng et al., 2014).  In both climacteric and non-
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climacteric fruits, suppression of 9-cis-epoxycarotenoid dioxygenase (NCED) gene 

affects ABA biosynthesis and results in altered ripening phenotypes and in tomato 

alteration of fruit texture (Sun et al., 2012).  One probe with homology to HAI2 

(comp39581) exhibited high expression levels in stages 3-4 (Supplementary table 

S4.4 SET A).  This HIGHLY ABA-INDUCED PP2C GENE 2 is an ABA receptor 

(Gonzalez-Guzman et al., 2012) involved in signal transduction processes (Leng et 

al., 2014). One of the hypotheses for ABA role in non-climacteric fruit ripening is 

that ABA receptors and several transcription factors regulate changes during 

ripening without mediating ethylene dependence or independent genes (Setha, 2012).  

Remaining homologues had high expression in late fruit development (stages 3-6), 

including AAO3 that encodes the aldehyde oxidase delta isoform catalysing the final 

step in abscisic acid biosynthesis (Leng et al., 2014),  ABI1,  ABF2 and AREB3 – 

ABA responsive proteins and elements and HSI2- HIGH-LEVEL EXPRESSION OF 

SUGAR-INDUCIBLE GENE 2 (Supplementary table S4.4A). 

A total of 27 transcripts had homology to proteins associated with brassinosteroid 

biosynthesis in Arabidopsis (Figure 4.6B, Supplementary table S4.4 SET B).  

Brassinosteroids play an important role in aspects of plant physiological 

development including cell elongation, division, vascular differentiation, flowering 

and more (reviewed by Clouse (2011)).  Several studies have shown BA 

involvement in fleshy fruit development and ripening such as in tomato (Lisso et al., 

2006) and grape (Symons et al., 2006).  In the present dataset, Arabidopsis 

homologues included those encoding proteins required for early biosynthetic steps, 

DWF4, CYP90D1, ROT3. Those homologues were expressed in early stages of fruit 

development. The proteins from the final steps of brassinosteroid biosynthesis 

including BRASSINOSTEROID-6-OXIDASE 2 (BR6OX2) were expressed highly 
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in the first, fifth and sixth stage of fruit development (Supplementary table S4.4 SET 

B).  BR6OX2 might be particularly important as it has been demonstrated that 

VvBR6OX1 had a significant role in promotion of ripening in grape (Symons et al., 

2006). 

The role of ethylene in ripening has been studied extensively. In climacteric fruit a 

burst of ethylene biosynthesis is characteristic of the ripening process (Giovannoni, 

2004), but non-climacteric fruits show no increase in respiration and ethylene 

production during ripening.  However, low levels of ethylene may be involved in the 

development and aspects of ripening (Trainotti et al., 2005, Mu et al., 2016).  Some 

24 blackcurrant probes had homologs to Arabidopsis transcripts associated with 

ethylene (Figure 4.6C, Supplementary table 4.4 SET C).  The majority of those 

probes were highly expressed in late stages of fruit development (Figure 4.6C).  

Those included a range of ethylene receptors ETR2 (comp6471/at3g23150), EIN4 

(comp7284/at3g04580) and ERS1 (comp5338/at2g40940), having functions of 

ethylene sensing (Hall et al., 2000).  This is in line with grape transcript abundance 

of several ethylene receptors and indicates some similarities in the perception and the 

integration of the ethylene signalling with what was already observed in climacteric 

fruits (Chervin and Deluc, 2010).  Also highly expressed in green-red, red-green, red 

and ripe stages and involved in regulation of flavonol biosynthesis (Lewis et al., 

2011) was EIN2 (comp3407/at5g03280) and involved in initial phases of signalling 

and ethylene induced responses (Binder et al., 2007) was EBF1 

(comp5280/at2g25490).  In addition to receptors and signalling proteins, two 

transcripts encoding ACC synthase homologs involved in the biosynthesis of 1-

aminocyclopropane-1-carboxylic acid (ACC), the immediate precursor of ethylene, 

were highly upregulated in the final stages of fruit development.  These were 
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comp12688, with homology to ACC synthase (ACS) 6 (at4g11280), and comp8779, 

with homology to ACS10 (at1g62960) (Supplementary table S 4.4 SET C).  

Interestingly, in contrast to ACC synthases, ACC OXIDASE 1 (ACO1) required for 

the conversion of ACC to ethylene was highly expressed in first stage in addition to 

late stages of fruit development which in early stages is true for grape (Deluc et al., 

2007) and in late stages in watermelon (Wechter et al., 2008).  In early fruit 

development, one response transcription factor ETHYLENE RESPONSE FACTOR 

105 (ERF105) was highly expressed in the blackcurrant dataset (Supplementary table 

S4.4 SET C). 

Set D (Figure 4.6) included 11 blackcurrant probes homologous to Arabidopsis 

proteins associated with jasmonate biosynthesis and signalling.  Jasmonate regulates 

a wide range of processes including plant development such as flowering, 

tuberization and fruit ripening, and response to environmental factors such as pest 

and pathogen attack, drought and wounding (Farmer and Ryan, 1990).  Three main 

patterns of expression were identified in this set, transcripts expressed in early stages 

of fruit development included homologues of JAZ6 (at1g72450), JAZ10 (at5g13220) 

and LOX2 (at3g45140), involved in jasmonate signal transduction and biosynthesis 

respectively.  Two further biosynthetic lipoxygenase (LOX1 and LOX5) and another 

signal transducing JASMONATE-ZIM-DOMAIN PROTEIN (JAZ1) were highly 

represented in both the first and later (3-6) stages of fruit development. JA associated 

transcripts expressed late in fruit development included MYC2 (at1g32640), a 

pivotal transcription factor proven to activate transcription of the early JA-responsive 

downstream transcription factors (WRKYs, MYBs, and AP2/ERFs), JA biosynthesis 

genes, JAZ proteins (Lorenzo et al., 2004, Chini et al., 2007, Chung et al., 2009) and 
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COI1 (at2g39940), a jasmonate receptor protein (Katsir et al., 2008, Yan et al., 

2009). 

 Set E represented the most numerous group of hormone-associated homologs and 

contained 47 probes with homology to proteins associated with auxin biosynthesis 

and response in Arabidopsis (Figure 4.6E, Supplementary table 4.4 SET E).  Auxin 

plays an important role in early fruit development, fruit set and growth and is 

thought to have a pivotal role in ripening of grape (Böttcher et al., 2010).  

Blackcurrant transcripts included a range of transcription factor family member 

homologues, namely indole-3-acetic acid (Aux/IAA) IAA7, IAA9, IAA16, IAA19, 

IAA29 and auxin response factor ARF1, and indeed the expression of genes 

encoding ARF and Aux/IAA has been shown to support the role as regulators of the 

onset of ripening (Jones et al., 2002, Audran-Delalande et al., 2012).  Additionally, 

Aux/IAA have differential responses to auxin and ethylene and it is likely that it may 

influence crosstalk between those two hormones (Trainotti et al., 2007).  A range of 

the largest family of early auxin response genes, SAUR protein homologues 

including SAUR5, SAUR48, SAUR51 expressed in first and 3-6 stages of fruit 

development, SAUR32 expressed in stages 3-6, SAUR78 expressed early (1-3 

stage), SAUR 52 expressed in 1-2 and 5-6 stages and SAUR50 expressed in 1, 3 and 

6 stage of fruit development were identified in this set.  Those proteins are still not 

well described, although they have been implicated in the regulation of a wide range 

of cellular, physiological and developmental processes (Ren and Gray, 2015).  Three 

PIN transporter protein homologs (PIN1, PIN6 and PIN7) were also present in the 

set at the early stages of fruit development, those might have a significant role in 

growth as in tomato, where the dynamic pattern of tissue-specific auxin 
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accumulation through fruit development is likely to be regulated by polar auxin 

transport (Pattison and Catala, 2012). 

Cytokinin-associated homologues were grouped in set F (Figure 4.6F) and included 

7 Arabidopsis homologues (Supplementary table 4.4 SET F).  Five of those, 

CYTOKININ-INDEPENDENT 1 (CKI1), RESPONSE REGULATOR 9 (ARR9) 

and cytokinin oxidases (CKX2), (CKX3) and (CKX5), were highly expressed in 

early stages of fruit maturation.  In synergy, grape cytokinins are thought to be 

involved in fruit set and growth promotion with maximum concentrations in young 

berries and decreasing with ripening (Zhang et al., 2003b).  Remaining homologues 

with post-cytokinin formation functions (Kakimoto, 2003), namely HISTIDINE 

KINASE 2 (HK2), HISTIDINE KINASE 3 (HK3), had high expression in late 

stages of fruit development. 

Another hormone, salicylic acid (SA) (Figure 4.6G), has direct involvement in plant 

growth, flower induction, and uptake of ions, and it has a plant immune signalling 

function under pathogen challenge.  However, it also affects ethylene biosynthesis 

and enhancement of plant photosynthetic pigments such as chlorophyll and 

carotenoid (Hayat et al., 2007).  Nine blackcurrant transcripts had homology to 

Arabidopsis SA associated proteins, including immune signal receptor NPR3 

(at5g45110) (Fu et al., 2012), three TGA transcription factors (TGA2, TGA4 and 

TGA9) and PR1 induced in response to a variety of pathogens, but also showing 

increased transcript levels in ascorbate-deficient mutants (Colville and Smirnoff, 

2008).  All of these homologues were highly expressed in late stages of fruit 

development (stages 3-6). 
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The final plant hormone-related gene expression analysed was gibberellin (GA) 

(Figure 4.6H) and, similarly to some previously described hormones, it demonstrates 

functions in growth regulation and influences various developmental processes in 

particular those concerning germination, dormancy, flowering and leaf and fruit 

senescence (as reviewed by Yamaguchi (2008)).  The blackcurrant set consisted of 

13 GA associated homologs (Figure 4.6H, Supplementary table S4.4 SET H); those 

expressed early belonged to the DELLA family, a negative regulator of GA 

responses RGL1 (at1g66350) (Wen and Chang, 2002), while those expressed late 

included two GA INSENSITIVE DWARF proteins (GD1b and GD1c) binding 

receptors regulators of DELLA family GA and GD1b, a primary player in fertility 

and elongation during GA signalling (Hauvermale et al., 2014). 
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Figure 4.6  Cluster analysis of selected potential hormone-related gene probes grouped into eight categories (A-H); A - abscisic acid (ABA), 

B - brassinosteroids (BA), C - ethylene, D - jasmonate (JA), E - auxin (IAA), F - cytokinin, G - salicylic acid (SA), H - gibberellin (GA), 

clustered depending on their expression patterns, with high expression indicated in red and low expression in green as per scale bar presented, 

across six fruit developmental stages: 1 - small green, 2 - large green, 3 - green-red, 4 - red-green, 5 - red, 6 - ripe.  Analysis performed using 

Genespring software. 
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4.2.3 Microarray validation by qRT-PCR 

In order to validate the expression profiles generated using the microarray platform 

for Ribes, qRT-PCR was performed on 6 selected genes using gene-specific primers 

(section 2.4.3).  Each gene represented a divergent expression pattern of one K-

means cluster which are presented in the same order (Figure 4.4).  Transcript 

abundance patterns were calculated along the course of berry development. The 

geNorm software indicated that UBC and TIP41-like reference genes were the most 

suitable for accurate normalization for blackcurrant.  Comparison of gene expression 

profiles between microarray data and real-time RT-PCR presented in Figure 4.7 

indicated clear correspondence of the two independent expression technologies. 

 



 167 Chapter 4 

 

Figure 4.7  Real-time RT-PCR validation of 6 probes expression across six stages of 

fruit development (X-axis): 1 - small green, 2 - large green, 3 - green-red, 

4 - red-green, 5 - red, 6 - ripe, representing each K-mean cluster.  ▲ – Illumina 

expression result, ■ – RT-PCR expression.  A – CUST_2563_PI427822113 

(at1g04410 malate dehydrogenase), B – CUST_3746_PI427822113 (at3g13790 

ABFRUCT1; beta-fructofuranosidase), C – CUST_4294_PI427822113 (at5g07990 

TT7; flavonoid 3’-monooxygenase), D – CUST_5317_PI427822113 (at5g08370 

AGAL2; alpha-galactosidase 2), E – CUST_7091_PI427822113 (at5g15490 

UDPglucose 6-dehydrogenase), F – CUST_1447_PI427822113 (at4g02280 SUS3; 

sucrose synthase 3).  Alphabet letter corresponds to name of the K-mean cluster.  

Values in Y-axis presented as log10 transformed expression. 
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4.3 Discussion 

Transcriptome analysis of developing blackcurrant fruit has provided insight into 

processes linked to signalling and regulation in fruit ripening.  Major patterns of 

gene expression have been identified (Figure 4.2, Figure 4.3, Figure 4.4) and suggest 

the presence of diverse processes taking part throughout different stages of fruit 

development.  Gene ontology analysis has emphasised this observation by providing 

an overview of divergent significant terms underpinning the diverse patterns of 

expression of significantly changing transcripts (section 4.2.2.3.1).  These, similar to 

previously indicated patterns in phenotypic analysis of developing fruit (Chapter 3, 

Figure 3.24), could be generalized into three main periods of fruit development; 

early fruit growth (stage 1-2, Figure 4.4ABC), middle stages linked to further 

development processes (stage 3-4 Figure 4.4D) and third stage – ripening; linked to 

secondary metabolism (stage 5-6, Figure 4.4EF, Figure 4.8). 

Early fruit development was dominated by enrichment of GO terms with functions in 

cell processes (Table 4.2, Table 4.4) such as cell cycle, regulation of cell cycle and 

cell wall modification. This was consistent with active growth at the early stages of 

fruit development (3.2.9.2) and may represent a key event in fleshy fruits associated 

with expansion processes and endoreduplication (McAtee et al., 2013).  Fruit growth 

requires the combined presence of several growth-promoting plant hormones, such 

as auxin, gibberellins, cytokinins and brassinosteroids (Ozga and Reinecke, 2003, 

Srivastava and Handa, 2005).  This was reflected in another set of GO terms 

enriched at early fruit development stages.  Those included a range of auxin 

signalling and response proteins present under red light signal transduction (Table 

4.3) and auxin signalling terms (Supplementary table S4.2 SET ABC)  and was also 

significant in hormone targeted analysis by the presence of a range of IAA-related 
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transcription factors (IAA7, IAA9, IAA16, IAA19 and IAA29, Supplementary tables 

S4.4, Figure 4.8) and PIN transporters maintaining auxin gradients, the presence of 

which is essential for growth in tomato (Pattison and Catala, 2012).  Auxin together 

with gibberellins plays an important role during the growth phase by influencing cell 

enlargement (Csukasi et al., 2011), and indeed in blackcurrant a DELLA family 

protein RGL1 was present which is known in mango to have function in the 

degradation of cell wall components affecting firmness (Dautt-Castro et al., 2015).  

Other hormone homologs expressed early in fruit development included abscisic acid 

NCED4, widely studied in climacteric and non-climacteric fruits as a protein altering 

fruit texture that may be involved in the initiation of ABA biosynthesis at the onset 

of fruit ripening (Mou et al., 2016).  Abscisic acid has been associated with the 

expansion phase in tomato (Gillaspy et al., 1993) and ABA-deficient mutants have 

reduced fruit size (Nitsch et al., 2012).  ABA has been widely acknowledged to 

regulate ethylene biosynthesis and signalling during fruit ripening, but the molecular 

mechanism underlying the interaction between these two hormones are largely 

unexplored.  One ethylene response factor receptor (ERF 105, Figure 4.8) was highly 

expressed in the early stages of fruit development, but most of the identified 

homologues related to this hormone were observed at the ripening phase (Figure 

4.8).  Cytokinin regulators (CKI1, ARR9) and oxidases (CKX, Figure 4.8), in line 

with tomato (Kumar et al., 2014) and grape transcription patterns, had high 

expression in unripe fruit, which along with auxin, gibberellin and abscisic acid 

emphasizes cytokinin involvement in berry set and growth (Fortes et al., 2015).  

High transcriptional activity was observed in the first stages of fruit development, 

and included transcription factors controlling developmental functions such as cell 

proliferation and differentiation (SCHIZORIZA, FRUITFULL), mitosis, cuticle 
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development (SHINE, MYB16, HD-ZIP) fruit set and development (AGL7,  AGL8) 

and seed development (Figure 4.5, Figure 4.8).  As well as regulating developmental 

processes at early stages of ripening, some of those transcription factors may have 

important downstream regulatory functions in ripening, such as FRUITFULL which 

has functionality in the regulation of ethylene-independent aspects of tomato and 

bilberry fruit ripening (Jaakola et al., 2010, Fujisawa et al., 2014).  Interestingly, 

HD-ZIP family homologue protein (ANL2, HDG1) expression coincided in 

blackcurrant with ethylene ACC Oxidase (ACO1).  In tomato, HD-Zip HB-1 was 

shown to interact directly, and is necessary for ACO1 expression, and repression of 

it led to decrease in ethylene synthesis and delayed ripening (Lin et al., 2008).  In 

tomato however, ACO1 is expressed only in late stages of fruit ripening which might 

be one of differences between ethylene regulation in climacteric and non-climacteric 

fruit.  Additionally, patterns of expression of HD-Zip homologues in blackcurrant 

was similar to non-climacteric grape (Deluc et al., 2007). 
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Figure 4.8  Summary of over-representation of processes and genes linked to 

signalling during blackcurrant fruit development based on homology to Arabidopsis.  

GO - gene ontology terms, TF - transcription factors, ABA - abscisic acid, Ethylene, 

IAA - auxin, Cytokinin and GA - gibberellin. 

 

GO terms of transcripts highly expressed in the middle stages of fruit development 

(stages 3 and 4, Figure 4.4D) indicated strong representation of the terms associated 

with post-embryonic development and development of reproductive structures (seed) 
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(Figure 4.5). This was consistent with the phenotypic analysis of developing fruit for 

the same period in which rapid growth of seed coupled with seed lipid accumulation 

was observed (Figure 3.19, Figure 3.22).  The importance of seed development 

processes in middle stages of blackcurrant development was also underpinned by the 

presence of transcription factors encoding proteins homologous to those with 

functions in seed and embryo development such as ZF-HD - MATERNAL 

EMBRYO ARREST, WRKY2 – where mutants manifest distorted embryo 

development (Ueda et al., 2011) and FUS3, a key regulator essential for embryo 

development in Arabidopsis (Wang and Perry, 2013) (Figure 4.8). This may indicate 

that, similar to Arabidopsis, complex cross talk and interactions among embryo 

transcription factors and their target processes exist, and additionally in blackcurrant 

those processes are significant for the middle stages of fruit development. 

In the final stages of fruit development, similar to those of small green and large 

green fruit, GO terms associated in response to stimuli and particularly hormone 

regulation such as auxin (GO:0009733) prevailed. Also homologues associated with 

jasmonate (at1g55020) and ethylene (ACC synthase) were upregulated (Table 4.6).  

In hormone-targeted analysis abundance of ethylene related homologues was indeed 

recognised.  This was seen by the presence of several ethylene receptor homologues 

(ETR2, EIN4, ERS1, Figure 4.8).  This is similar to grape and pepper, and may 

provide evidence that the ethylene-mediated signalling pathway is active during 

ripening of those non-climacteric fruits (Lee et al., 2010, Fortes et al., 2015), 

although as non-climacteric fruit ethylene accumulation is not significant and 

abscisic acid is believed to have a stronger role during ripening (McAtee et al., 

2013).  It has been shown in tomato that ABA promotes ripening by inducing 

ethylene biosynthesis through upregulation of ethylene biosynthesis genes (Sun et 
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al., 2012).  Also in fruit that have lower requirements of ethylene to ripen, ABA 

homologues were highly represented in early and ripening stages of blackcurrant 

fruit and also in late stages (5-6), and included ABA synthesis AAO3 and response 

factors ABI1, ABF2 and AREB3 (Figure 4.8).  The importance of ABA in fruit 

maturation is studied for example in some traits linked to the process such as colour 

change.  It has been indicated that in grape and strawberry, colour change is strongly 

regulated by abscisic acid (Deytieux et al., 2004, Jia et al., 2011).  This, consistent 

with phenotypic analysis of developing fruit (Figure 3.24), can be linked to 

secondary metabolism regulation in the final stages of fruit development as 

manifested in the current transcriptome analysis through an over-representation of 

GO terms linked to secondary metabolic processes (GO:0019748), aromatic 

compounds (GO:0019438), amino acid derivatives (GO:0042398) and 

phenylpropanoid metabolism (GO:0009698), with several homologues of 

glutathione S-transferases with roles in flavonoid transport (Petrussa et al., 2013, 

Zhao, 2015).  The importance of secondary metabolism regulation in the final stages 

of fruit development was also confirmed by the presence of transcription factors such 

as WRKY23 that regulates biosynthesis of quercetin through auxin distribution 

(Grunewald et al., 2013).  Several transcription factors were also related to stress 

response, including hypoxia (WRKY75), and it was shown that berry maturation was 

accompanied by enhanced stress-related metabolism, as in grape, which could be 

associated with specific anthocyanin accumulation (Degu et al., 2014).  Interestingly, 

one of the jasmonate homologues MYC2, present in late stages of fruit development, 

was shown to have a key role in activating transcription factors such as WRKYs, 

MYBs and ERFs, combining several processes already mentioned in late stages of 
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fruit development such as ethylene signalling, secondary metabolism and colour 

development (Supplementary table S4.4SET C). 

In summary the data demonstrate a strong involvement of hormone associated 

homologs such as auxin, gibberellin and cytokinin in fruit growth, cell expansion 

and softening in the early stages of fruit development and the relationship of the 

regulation of those through several development and secondary metabolism-linked 

transcription factors.  The middle stages of blackcurrant development are linked to 

developmental processes associated with reproduction, and several lipid 

corresponding regulators are required.  The final ripening phase is associated with 

ethylene and abscisic acid crosstalk, and strong evidence of transport-related 

regulating proteins with involvement in secondary metabolism transcription is 

central to this stage. 

There is strong evidence for the interplay between hormones and developmental 

regulator genes controlling growth and the synthesis of new proteins that catalyse the 

alterations of important quality traits such as colour, texture and secondary 

metabolites. Additionally, individual ripening processes may themselves be under 

specific regulation.  The relative functions of plant hormones are not restricted to a 

particular stage, and a complex network of more than one plant hormone is involved 

in controlling various aspects of fruit development. Furthermore, there is no clear 

division in signalling of climacteric and non-climacteric fruits and the regulation of 

ripening is still not well understood, but there are areas showing common regulatory 

mechanisms. 

Though still limited, understanding of the genetic and molecular complexes of fruit 

development is an essential foundation required for the development of fruit with 
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enhanced quality. Knowledge presented here in the transcriptomic study of 

developing fruit will be explored further in the association of both metabolomic and 

transcriptomic processes in fruit development.  This will be the key step towards the 

identification of genes controlling quality-related processes in blackcurrant fruit. 
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5.1 Introduction 

Fruit quality attributes can be improved through breeding (Brennan and Graham, 

2009).  In recent years an increased emphasis on quality-orientated breeding has 

arisen due to a complex interaction of social, economic and biological factors that 

are crop-specific.  This is led by consumer awareness of cultivar differentiation, 

perceived health benefits of berry fruit consumption and quality attributes of the end 

product such as appearance, shelf-life and flavour.  Fruit quality traits and the 

identification of the genes involved has been a focus of many recent studies and 

breeding programmes, as reviewed by Jenks and Bebeli (2011).  In blackcurrant, due 

to its organoleptic properties, abundance (Moyer et al., 2002), stability (Woodward 

et al., 2011) and widely researched potential health benefits (He and Giusti, 2010, 

Lin et al., 2016), colour and in particular anthocyanins are increasingly among the 

most important quality attributes.  Moreover, blackcurrants alongside other dark 

fruits such as bilberry (Vaccinum myrtillus), chokeberry (Aronia) and blueberry are 

the best dietary sources of anthocyanins (Määttä-Riihinen et al., 2004). 

Anthocyanins are natural colorants that belong to the flavonoid family of 

polyphenolic compounds, and their biosynthetic pathways have been extensively 

studied in fruit crops such as apple (Honda et al., 2002), peach (Li et al., 2012) and 

sweet cherry (Wei et al., 2015).  Technical advances in transcriptomics and 

metabolomics and their integrated analysis provide excellent tools for the prediction 

and identification of gene function, particularly for genes involved in complex 

metabolic pathways (Saito et al., 2008).  Decoding gene-metabolite interactions of a 

range of flavonoid associated compounds and proteins has been previously studied in 

tomato (Mounet et al., 2009, Rohrmann et al., 2011), mango (Wu et al., 2014a), 

grape (Deluc et al., 2007) and potato (Stushnoff et al., 2010). 
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In this chapter, a correlative approach into identification of anthocyanin-related 

candidate genes based on previous metabolome (Chapter 3) and transcriptome 

(Chapter 4) analysis of developing blackcurrant fruit is reported. 

5.1.1 Anthocyanin regulation and biosynthesis 

Anthocyanin biosynthesis is complex and a variety of metabolites are involved in 

synthesis of these pigments in fruit crops (Boss et al., 1996b).  The biosynthesis of 

anthocyanins requires the coordinated expression of both structural genes encoding 

the enzymes that directly participate in the formation of anthocyanins and other 

flavonoids, and regulatory genes that control the transcription of structural genes.  

The enzyme activities in the various branch pathways are highly regulated and it has 

been demonstrated that the enzymes acting earlier in the flavonoid pathway are 

usually encoded by larger gene families, whereas the enzymes acting late in the 

pathway are commonly encoded by one single active gene (Sparvoli et al., 1994), 

although this was disputed in grape (He and Giusti, 2010).  Additionally, 

transcriptional controls play an important role in regulating the overall activity of 

flavonoid biosynthesis which is a complex network itself (Broun, 2005).  Several of 

the genes required for biosynthesis and transcriptional control belong to multigene 

families and the functions of members of these families are very diverse.  They also 

show a high level of diversification between species due to evolutionary 

consequences (Ohta, 1991).  Orthology (where gene and its main function are 

conserved) matches within multigene families are difficult to distinguish (Fulton et 

al., 2002).  Several studies highlight a range of issues within matches of multigene 

candidate genes to Arabidopsis, such as in rice (Oryza sativa) (Salse et al., 2002) and 

in the comparative analysis of WRKY III gene family in poplar (Populus 
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trichocarpa), grape, Arabidopsis and rice due to their duplication and diversification 

(Wang et al., 2015b).  The pathway is also controlled in response to different 

developmental and environmental cues (Weisshaar and Jenkins, 1998, Winkel-

Shirley, 2001). 

Due to the perennial character of blackcurrant, mutagenesis experiments are difficult 

to perform.  This makes the identification of gene function difficult and primarily 

reliant on annotation by similarity to known Arabidopsis gene sequences and 

physiological similarity to other model species, however distant, such as grape and 

tomato.  So far several studies on the anthocyanin content (Moyer et al., 2002), 

flavonoid compound identification (Kähkönen et al., 2003, Rubinskiene et al., 2005) 

and health related aspects (Lila, 2004, de Pascual-Teresa and Sanchez-Ballesta, 

2008, Tsuda, 2012) were performed and while there is agreement that it is a valuable 

component of this fruit, there is however very little understanding and research on 

the subject of the regulation of anthocyanin accumulation in blackcurrant which 

when elucidated may contribute to a better understanding and development of 

cultivars with improved anthocyanin profiles. 

 Anthocyanin biosynthetic pathway 5.1.1.1

The plant shikimate pathway is the entry to the biosynthesis of phenylpropanoids 

(Vogt, 2010) (Figure 5.1).  Phenylalanine is converted into cinnamate (trans-

cinnamic acid) by phenylalanine ammonia lyase (PAL, Figure 5.1).  Several copies 

of PAL genes are reported in all plant species, with 4 in Arabidopsis and 20 putative 

genes described in tomato (Chang et al., 2008, Vogt, 2010).  In fruits the expression 

of PAL genes may be activated as a response to stress factors in the context of 

enzymatic browning (He and Luo, 2007).  Cinnamic acid is a key intermediate in the 
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phenylpropanoid and shikimate pathways and is a precursor of its hydroxyl 

derivatives such as p-coumaric acid, caffeic acid or chlorogenic acid that are 

commonly found in many fruits.  Biosynthesis of cinnamic acids is a multistep 

process and occurs via cinnamate 4-hydroxylase (C4H) and consequently 4-

coumarate CoA ligase (4CL) in the conversion of p-coumarates to corresponding 

coenzyme A esters (Bohm, 1998).  C4H has been found in two distinct families 

having the same functionality but only 60% sequence similarity.  It is a member of 

the CYP73 family of the large group of cytochrome P450 monooxygenases (Teutsch 

et al., 1993).  In plants, cytochrome P450s are present in particularly vast numbers 

compared to other organisms (Werck-Reichhart and Feyereisen, 2000).  These 

monooxygenases are involved in the biosynthesis of extremely diverse classes of 

metabolites such as fatty acids, phenylpropanoids, alkaloids and terpenoids, and in 

the processes of herbicide or pesticide detoxification (Chapple, 1998).  The reactions 

carried out by P450s can be extremely diverse (Werck-Reichhart and Feyereisen, 

2000).  They contribute to vital processes such as carbon source assimilation, 

biosynthesis of hormones and of structural components of living organisms.  4CL 

occurs as gene families consisting of two or three members.  In raspberry three 4CL 

genes have been characterised, each with divergent expression pattern indicating 

their diversity (Kumar and Ellis, 2003). 

Next, coumarins are synthesised via hydroxylation, glycolysis and cyclization of 

cinnamic acid, but the major details of the biosynthesis of coumarins are still 

unknown, especially at many P450-dependent enzymatic steps (Bourgaud et al., 

2006). 
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Several branching points occur in anthocyanin biosynthesis (in grey, Figure 5.1) and, 

although not discussed in this chapter, they demonstrate potential diversion of 

carbon, function and expression profiles in this pathway (Katare et al., 2009). 
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Figure 5.1  Schematic representation of a general anthocyanin pathway, as modified 

from (Petroni and Tonelli, 2011).  Diagram represents general phenylpropanoids 

pathway and flavonoid pathway.  Enzyme names are abbreviated as follows: PAL - 

phenylalanine ammonia lyase; C4H - cinnamic acid 4-hydroxylase; 4CL - 4 

coumarate CoA ligase; CHS - chalcone synthase; CHI - chalcone isomerase; F3H - 

flavanone 3-hydroxylase; F3’H - flavanone 3’-hydroxylase; F3’5’H - flavanone 3’5’-

hydroxylase; DFR - dihydroflavonol reductase; FLS - flavonol synthase; ANS - 

anthocyanidin synthase; LDOX - leucoanthocyanidin dioxygenase; UFGT - UDP-

flavonoid glucosyl transferase; MT - methyltransferase; MATE - multidrug and toxic 

compound extrusion protein; MRP - multidrug resistance-associated proteins.  

Broken lines represent multistep reactions, text in grey represents branch points. 
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The flavonoid pathway begins with the condensation of 4-coumaroyl-CoA and 

malonyl-CoA yielding naringenin chalcone via chalcone synthase (Figure 5.1).  CHS 

genes have a high degree of sequence similarity at the amino acid level and have 

been the object of numerous studies, where up to seven copies have been identified 

in several species (Koes et al., 1989, Durbin et al., 2000).  Chalcone is isomerised by 

chalcone flavanone isomerase (CHI) leading to flavonoid biosynthesis (Figure 5.1).  

CHI belongs to the family of isomerases, specifically the class of intramolecular 

lyases.  It has attracted much attention because of its involvement in the stress 

response and pigment production (van Weely et al., 1983) and in grape, a gene 

encoding a putative CHI was found to be expressed strongly at the onset of véraison 

(da Silva et al., 2005). 

In the next step flavanone 3-hydroxylase (F3H), a member of the 2-oxo-glutarate-

dependent dioxygenase (2OGD) class, catalyses specific hydroxylation of flavones 

to dihydrokaempferol (DHK) (Figure 5.1).  The 2OGD superfamily is the second 

largest enzyme family in plant genomes (Kawai et al., 2014).  Its members are 

involved in various oxygenation and hydroxylation reactions.  Several classification 

efforts have been pursued (Kawai et al., 2014, Kundu, 2015), however there are still 

many aspects of those genes to unveil due to the diversity and complexity of 

specialised metabolites that 2OGDs are required for the synthesis of.  In the 

following step, another two cytochrome P450 monooxygenase genes, flavonoid 

3’hydroxylase (F3’H) and flavonoid 3’5’hydroxylase (F3’5’H), responsible for the 

hydroxylation of dihydrokaempferol converting it to dihydromyricetin and 

dihydroquercetin respectively, are present (Han et al., 2010) (Figure 5.1).  The F3’H 

and F3’5’H were grouped into the subfamilies of CYP75B and CYP75A 

respectively, and together they form the CYP75 family that is part of the CYP71 
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clan.  With currently 26 families as members, the CYP71 is the most versatile and 

diverse of all 10 CYP clans.  The members of the CYP71 clan contribute to the 

synthesis of phenylpropanoids, flavonoids, isoflavonoids, alkaloids and other 

secondary compounds (Seitz et al., 2006).  As the next step in biosynthesis, 

dihydroflavonol 4-reductase (DFR) utilises dihydroflavonols in the formation of 

leucoanthocyanins which are further converted to anthocyanidins by anthocyanidin 

synthase (ANS), in which process dihydroquercetin and dihydromyricetin lead to the 

production of the red/pink cyanidin and blue/violet delphinidin pigments 

respectively (Grotewold, 2006) (Figure 5.1).  At this point several species of plants 

will synthesise specific anthocyanins, and the nature of DFR and ANS genes will 

vary and be specific to their products (Beld et al., 1989).  Anthocyanins are 

subsequently formed via glycosylation by UDP-glucose flavonoid 

O-glucosyltransferases (UFGTs).  Genes encoding UFGTs have been cloned and 

identified in a number of plant species and can be divided into two groups.  The first 

group is responsible for attaching a sugar to flavonoids, including flavonoid 3-O-

glycosyltransferase (Zhao et al., 2012) and flavonoid 5, 3-O-glucosyltransferase 

(Ogata et al., 2005).  The second group catalyzes the glycosyl transfer to the 

formation of diglycoside, such as flavonoid 3-O-glucoside 2-O-glucosyltransferase 

(Morita et al., 2005).  The glycosylation of flavonoids increases their solubility and 

stability in plants (Sun et al., 2016).  Consequently methyltransferases (MT) are 

responsible for the formation of O-methylated anthocyanins such as petunidin and 

peonidin (Figure 5.1).  In red grapes (Heredia et al., 1998) and peony (Sakata et al., 

1995) the effects of methylation and specifically, the higher the number of methoxyl 

groups, the more pronounced the shift towards purple colour was demonstrated.  

Additionally, it has been proposed that the methylation of B-ring hydroxyl groups 
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causes a small shift towards a red hue (Tanaka et al., 2008).  A large portion of 

methyltransferases of plant origin needs to be further characterised, as several 

questions remain to be answered, such as the molecular mechanism of anthocyanin 

methylation (Du et al., 2015). 

The enzymes involved in anthocyanin biosynthesis are localised in the cytosol and 

after biosynthesis the compounds are transported to vacuoles or cell walls by 

multidrug and toxic compound extrusion (MATEs) proteins and multidrug 

resistance-associated proteins (MRPs) (Koes et al., 2005) (Figure 5.1).  MATE 

proteins are identified as a family of multidrug transporters (Chen et al., 2015).  In 

plants, this family is remarkably large, with 56 members described in Arabidopsis 

(Li et al., 2002).  Classification efforts have been made into reviewing MATEs 

physiological functions in plants revealing their complex and high diversity 

(Takanashi et al., 2014).  MRPs belong to ATP-dependent, proton-gradient-

independent transporters (ATP-Binding Cassette, ABC) superfamily (Jasinski et al., 

2003) and there are 15 putative MRP genes in the Arabidopsis genome (Zhu et al., 

2013).  The activity of glutathione S-transferases (GSTs) is also necessary for the 

transport of anthocyanins from the cytosol to the plant vacuole (Conn et al., 2008).  

GST-mediated transport has been proposed as a mechanism involved in flavonoid 

transport in grape, and more than one GST have been shown to mediate flavonoid 

transport in the tissues where flavonoids were accumulated and in particular 

VviGST4 was demonstrated as an anthocyanin transporter in berry skin and  may 

have a role in transporting proanthocyanidins in skin and seeds (Pérez-Díaz et al., 

2016).  Other transporters such as amino-acid transporters may play an important 

role in anthocyanin biosynthesis, acting as exporters of amino acids such as 
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phenylalanine from the location of synthesis (chloroplast) to the location of 

subsequent conversion (cytosol) (Widhalm et al., 2015). 

 Transcriptional regulatory mechanisms of anthocyanin biosynthesis 5.1.1.2

The biosynthesis of anthocyanins in plants is highly controlled at the developmental 

level (Jaakola et al., 2002).  The genetic background determines the content of 

phenolic compounds in fruits, while external factors such as temperature, light 

intensity and agronomic practices influence qualitative and quantitative changes 

(Wang et al., 2009, Nwankno et al., 2012, Vagiri et al., 2013, Woznicki et al., 2016).  

At the molecular level anthocyanin biosynthesis is regulated through coordinated 

transcriptional control of enzymes in the biosynthetic pathway through interaction 

with several proteins such as DNA-binding R2R3 myeloblastosis family (MYB) 

transcription factors, MYC-like basic helix-loop-helix (bHLH), and WD40 repeat 

proteins (Feng et al., 2010, Hichri et al., 2010, Lin-Wang et al., 2010, Petroni and 

Tonelli, 2011). 

The R2R3 MYB genes associated with the flavonoid pathway feature two repeats 

and represent the most abundant class of MYB genes in plants.  In Arabidopsis 126 

R2R3 subfamily members have been characterised of which 13 were associated with 

the regulation of flavonoids (Matus et al., 2008).  Most of the MYB family member 

proteins involved in the control of flavonoid biosynthesis are positive regulators of 

the structural flavonoid pathway genes, however repressors have also been 

characterised in strawberry and grape (Aharoni et al., 2001, Matus et al., 2008).  In 

fruit 14 flavonoid biosynthesis-related R2R3 MYB family members have been 

described (Fournier-Level et al., 2010).  Different R2R3 MYB family members can 

control separately the biosynthesis of the end products of different flavonoid 
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pathway branches leading to anthocyanins, flavonols and proanthocyanins (Czemmel 

et al., 2009).  Additionally, the R2R3 MYB transcription factors have been shown to 

interact with bHLH transcription factors (Allan et al., 2008). 

161 bHLH genes are found in Arabidopsis (Lafontaine et al., 2015).  In fruits, bHLH 

proteins involved in flavonoid biosynthesis have been characterised in grape, apple, 

and strawberry (Hichri et al., 2010, Matus et al., 2010, Xie et al., 2012, Schaart et 

al., 2013) and whereas MYB proteins are believed to be key components in the 

allocation of specific gene expression patterns, bHLH proteins, may have 

overlapping regulatory targets (Akagi et al., 2009).  It has been suggested that bHLH 

regulators do not bind DNA but might activate transcription by recruiting an 

unknown factor that binds to promoters of the anthocyanin biosynthesis genes (Koes 

et al., 2005). 

Involvement of WD40 proteins in the regulatory complex of anthocyanin 

biosynthesis was shown in Arabidopsis (Walker et al., 1999)and later homologs 

were characterised in fruit species such as apple (Brueggemann et al., 2010), grape 

(Kobayashi et al., 2004) and strawberry (Schaart et al., 2013).  WD40 molecular 

function in the regulation of anthocyanin biosynthesis is still unclear, but it has been 

suggested that these proteins might activate a downstream MYB and bHLH protein 

complex post transcriptionally (Koes et al., 2005). 

In many fruits during the switch to the production of anthocyanins at the onset of 

ripening, MYB–bHLH–WD40 transcription factor complexes control the 

transcriptional changes of the flavonoid biosynthesis genes.  However, the signalling 

network behind ripening-related anthocyanin biosynthesis remains poorly 

understood (Jaakola, 2013). 
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5.2 Results 

5.2.1 Structural gene expression 

Following a search in the Kyoto Encyclopedia of Genes and Genomes (KEGG) in 

the set of 8282 genes that were significantly differentially expressed during fruit 

development (P≤0.05), 23 probes were identified to have homology to 11 unique 

Arabidopsis genes linked to flavonoid biosynthesis (Figure 5.2). 

Those included probes expressed late (stage 4-6), early and late (stage 1 and 4-6), 

and early (stage 1-3) during blackcurrant development.  A range of probes expressed 

late in fruit development consisted of cinnamate 4-hydroxylase (C4H), cytochrome 

P450 TT7 and flavonol synthase 1 (FLS1) homologues (Figure 5.2).  Expressed 

early (stage 1) and late in the fruit development were additional homologues of TT7 

and C4H as well as homologues of flavonone 3-hydroxylase (F3H), 

hydroxycinnamoyl transferase (HCT), chalcone and stilbene synthase (TT4) and 

leucoanthocyanidin dioxygenase (LDOX) (Figure 5.2).  A range of transcripts with 

homology to S-adenosyl-L-methionine-dependent methyltransferases (CCoAOMT1) 

and two further cytochrome P450 protein homologues CYP98A3 and TT7 were 

expressed early in development (Figure 5.2).  Several patterns of expression 

corresponded to those described for the equivalent homologies in grape (Boss et al., 

1996a), and additionally a large number of studies demonstrated that the structural 

genes involved in anthocyanin synthesis were coordinately expressed and their levels 

of expression were positively correlated to anthocyanin accumulation (Honda et al., 

2002, Piero et al., 2005, Borsani et al., 2010, Crifò et al., 2011), although there was 

some variability in the specific steps involved.  In apple, coordinated expression of 

CHS, F3H, ANS, DFR and UFGT together correlated well with anthocyanin 



 189 Chapter 5 

synthesis (Honda et al., 2002), while the transcript levels of UFGT were higher in 

red fruits compared to white in grape (Kobayashi et al., 2001).  This however was 

not true in blackcurrant for DFR, CCoAOMT1 and some of the cytochrome P450 

homologues (CYP98A3, TT7) expressed in early fruit development. 
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Figure 5.2  A set of 23 probes identified with homology in flavonoid biosynthesis, 

presented as a heatmap tree clustering generated in Genespring software, depending 

on the expression in six developmental stages; and a table of: AT; Arabidopsis 

homolog; contig reference number of the blackcurrant probe; gene description based 

on Arabidopsis annotation; and gene symbol. 
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This contrast in expression may occur due to the fact that annotation of functions of 

the genes in the blackcurrant dataset solely rely on the blast search to the 

Arabidopsis genome sequence.  The number of potential annotation errors in the 

prediction of detailed functions has been demonstrated to be high, especially when 

comparing distant species (Devos and Valencia, 2001).  It has been observed on the 

comparative study of tomato, potato and Arabidopsis, that due to regulatory 

divergence, gene duplication (not occurring in all species at the same rate) and 

evolutionary constraints, functional orthology is challenging (Fridman and Zamir, 

2003), and although this may provide the insights into the regulatory processes, 

caution needs to be exercised in extrapolating developmental networks from a model 

organism.  Additionally, several branch points exist in the biosynthesis of 

anthocyanins (Figure 5.1) and some of the genes recognised may have several 

functions in many branch points (Figure 5.3).  Multigene family members may be 

involved in both anthocyanins and proanthocyanins synthesis in Arabidopsis 

(Kitamura et al., 2004), namely, strong involvement of some TT genes is reported as 

key determinants of proanthocyanidins accumulation in developing seed (Nesi et al., 

2001).  However, model organisms such as  Arabidopsis provide valuable resources 

for non-model species and mutants have been shown to aid the definition of the role 

of flavonoid compounds in essential processes such as the regulation of auxin 

transport (Murphy et al., 2000, Brown et al., 2001) and several structural flavonoid 

biosynthetic genes (Shirley et al., 1995) in other species. 
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Figure 5.3  Location of 23 identified genes in flavonoid pathway, as modified from KEGG online software output, indicating involvement of 

recognised genes at several points of branched pathway. 
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5.2.2 Rate of change (relative accumulation) correlation 

Relative concentration of metabolite accumulation may indicate inaccurate 

redundancy of the metabolite synthesis at chosen time points.  This was previously 

studied on an mRNA model (Gedeon and Bokes, 2012).  In the example of sucrose, 

accumulation (Figure 5.4) at stage S1, S3 and S5 values are at a similar level, but 

there is a rapid decrease between stages S1 and S2 and significant accumulation 

between time points S3 and S4 which in case of a correlation based on relative 

concentrations would not be discernible.  Additionally, the number of days between 

time points was variable during the fruit development (section 3.2.2) and should be 

taken into account. 

 

Figure 5.4  Sucrose accumulation based on relative concentration across six stages 

of blackcurrant development: S1 - small green, S2 - large green, S3 - green-red, 

S4 - red-green, S5 - red, S6 - ripe.  Values presented as relative concentration (n=3).  

Letters above columns indicate significant differences calculated by one way 

ANOVA (Fisher’s LSD). 

Sucrose
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In order to represent the synthesis of metabolites at certain time points, a relative 

accumulation was calculated.  This approach can be summarised in an equation: 

(𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠 + 1) − (𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠)

𝑑𝑎𝑦𝑠 (𝑠 + 1) − (𝑠)
 

where s represents stage.  

As a result, the fastest rate of synthesis of individual anthocyanins was observed in 

the red stage of fruit development (Figure 5.5). 

 

 

Figure 5.5  Comparison of individual anthocyanin relative concentration (A) and 

relative accumulation rate (B) during six stages of blackcurrant development: 

SG - small green, LG - large green, GR - green-red, RG - red-green, Red and Ripe 

fruit.  Columns represent individual anthocyanins in order of legend. 
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Out of 859 probes having annotation in Arabidopsis in ANOVA set of 1432 genes 

(P-value ≤0.005), 89 had a positive correlation to total anthocyanins at a cut-off 

correlation coefficient value of r ≥0.8.  Based on predicted annotation, 41 genes were 

manually selected as having potential involvement in processes linked to flavonoid 

synthesis.  Those were categorised into 5 groups (Table 5.1) depending on their 

potential function and included catalytic proteins, cytochrome P450 polypeptides, 

transporters, regulatory proteins and proteins of unknown function (PUF’s). 
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Table 5.1  Set of 41 significantly changing (P-value ≤0.005) candidate genes having 

annotation in Arabidopsis and positive correlation with total anthocyanin 

accumulation.  Values with significant correlation coefficient (r≥0.8) shown in red. 
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comp8445_c0_seq1 AT1G06620
2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily protein
0.84 0.90 0.92 0.80 0.66 0.51 0.92

comp2863_c0_seq1 AT1G06650
2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily protein
0.77 0.84 0.87 0.73 0.56 0.42 0.88

comp18513_c0_seq1 AT1G48910
Flavin-containing monooxygenase family 

protein
0.67 0.75 0.78 0.62 0.43 0.28 0.81

comp7421_c0_seq1 AT2G35710
Nucleotide-diphospho-sugar transferases 

superfamily protein
0.72 0.80 0.82 0.68 0.52 0.38 0.85

comp821_c0_seq1 AT3G49200
O-acyltransferase (WSD1-like) family 

protein
0.76 0.84 0.86 0.73 0.56 0.43 0.88

comp1744_c0_seq1 AT5G54160 O-methyltransferase 1 0.81 0.87 0.89 0.76 0.61 0.47 0.91

comp6467_c0_seq1 AT4G27270 Quinone reductase family protein 0.82 0.88 0.90 0.78 0.63 0.48 0.91

comp14143_c0_seq1 AT5G38020
S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein
0.82 0.88 0.91 0.78 0.63 0.49 0.92

comp30683_c0_seq1 AT3G44870
S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein
0.78 0.85 0.87 0.74 0.58 0.44 0.90

comp14245_c0_seq1 AT5G17050 UDP-glucosyl transferase 78D2 0.67 0.75 0.78 0.62 0.43 0.27 0.80

comp3_c0_seq1 AT1G05680
Uridine diphosphate glycosyltransferase 

74E2
0.78 0.85 0.87 0.74 0.57 0.43 0.89

comp535_c0_seq1 AT2G45510
cytochrome P450, family 704, subfamily 

A, polypeptide 2
0.93 0.96 0.96 0.92 0.83 0.73 0.97

comp4018_c0_seq1 AT3G48320
cytochrome P450, family 71, subfamily A, 

polypeptide 21
0.78 0.84 0.84 0.76 0.64 0.48 0.83

comp30680_c0_seq1 AT3G48270
cytochrome P450, family 71, subfamily A, 

polypeptide 26
0.79 0.86 0.87 0.76 0.61 0.48 0.90

comp26617_c0_seq1 AT3G26200
cytochrome P450, family 71, subfamily B, 

polypeptide 22
0.78 0.85 0.85 0.75 0.61 0.48 0.88

comp14828_c0_seq1 AT3G26300
cytochrome P450, family 71, subfamily B, 

polypeptide 34
0.80 0.87 0.88 0.77 0.62 0.49 0.91

comp7807_c0_seq1 AT3G26310
cytochrome P450, family 71, subfamily B, 

polypeptide 35
0.81 0.86 0.88 0.77 0.64 0.47 0.86

comp20547_c0_seq1 AT3G14680
cytochrome P450, family 72, subfamily A, 

polypeptide 14
0.71 0.78 0.81 0.65 0.47 0.32 0.83

comp8920_c0_seq1 AT2G45550
cytochrome P450, family 76, subfamily C, 

polypeptide 4
0.69 0.77 0.79 0.65 0.48 0.33 0.82

comp44305_c0_seq1 AT4G31950
cytochrome P450, family 82, subfamily C, 

polypeptide 3
0.85 0.89 0.87 0.84 0.76 0.68 0.91

comp14644_c0_seq1 AT3G56630
cytochrome P450, family 94, subfamily D, 

polypeptide 2
0.88 0.91 0.89 0.88 0.81 0.73 0.91

comp16932_c0_seq1 AT4G21120 amino acid transporter 1 0.71 0.79 0.82 0.66 0.48 0.32 0.83

comp236_c0_seq1 AT1G02920 glutathione S-transferase 7 0.84 0.90 0.92 0.80 0.66 0.52 0.93

comp15341_c0_seq1 AT5G52450 MATE efflux family protein 0.78 0.85 0.87 0.74 0.58 0.45 0.90

comp25868_c0_seq1 AT5G65380 MATE efflux family protein 0.77 0.84 0.86 0.73 0.57 0.41 0.88

comp5788_c0_seq1 AT3G59140 multidrug resistance-associated protein 14 0.83 0.89 0.90 0.79 0.65 0.51 0.92

comp5788_c0_seq15 AT3G59140 multidrug resistance-associated protein 14 0.67 0.76 0.78 0.63 0.46 0.32 0.82

comp2340_c0_seq1 AT2G34660 multidrug resistance-associated protein 2 0.82 0.88 0.90 0.78 0.63 0.47 0.90

comp1965_c0_seq1 AT1G15520 pleiotropic drug resistance 12 0.74 0.81 0.84 0.69 0.52 0.37 0.86

comp13337_c0_seq1 AT1G25530
Transmembrane amino acid transporter 

family protein
0.86 0.91 0.91 0.84 0.73 0.61 0.93

comp12688_c0_seq1 AT4G11280
1-aminocyclopropane-1-carboxylic acid 

(acc) synthase 6
0.73 0.80 0.83 0.68 0.51 0.35 0.83

comp8875_c0_seq1 AT1G45249
abscisic acid responsive elements-binding 

factor 2
0.82 0.89 0.90 0.78 0.63 0.49 0.92

comp24695_c0_seq1 AT1G65870
Disease resistance-responsive (dirigent-

like protein) family protein
0.84 0.90 0.92 0.80 0.66 0.52 0.93

comp9715_c0_seq1 AT4G10710 global transcription factor C 0.72 0.80 0.82 0.67 0.50 0.34 0.84

comp38828_c0_seq1 AT3G23250 myb domain protein 15 0.68 0.75 0.79 0.62 0.44 0.30 0.81

comp17232_c0_seq1 AT5G35740
Carbohydrate-binding X8 domain 

superfamily protein
0.78 0.85 0.87 0.74 0.58 0.44 0.89

comp7970_c0_seq1 AT1G12120
Plant protein of unknown function 

(DUF863)
0.94 0.94 0.93 0.94 0.91 0.81 0.89

comp12511_c0_seq1 AT1G13940
Plant protein of unknown function 

(DUF863)
0.67 0.76 0.78 0.63 0.46 0.30 0.80

comp16144_c0_seq1 AT1G07090 Protein of unknown function (DUF640) 0.88 0.91 0.89 0.89 0.83 0.74 0.90

comp782_c0_seq1 AT1G11700 Protein of unknown function, DUF584 0.82 0.88 0.90 0.79 0.64 0.49 0.90

a) trinity assembly match b) nearest Arabidopsis  BLAST match c) gene description based on Arabidopsis  match

Catalytic 

proteins

Cytochrome 

P450's

Transporters

Regulatory 

proteins

PUF's
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Putative catalytic protein expression profiles are included in Figure 5.6 and comprise 

probes with homology to potential structural genes belonging to the phenylpropanoid 

and flavonoid pathway such as O-methyltransferase 1 (at5g54160) (Fraser and 

Chapple, 2011) (Table 5.1).  In Arabidopsis, AtOMT1 encodes a flavonol 3-O-

methyltransferase that is highly active towards quercetin and myricetin, and in grape 

a novel OMT has been shown to have involvement in anthocyanin methylation 

(Hugueney et al., 2009).  Two further methyl transferases were included as having 

very similar correlation to AtOMT1; S-adenosyl-L-methionine-dependent 

methyltransferases superfamily proteins at5g38020 and at3g44870.  Also in this 

group was UDP-glucosyl transferase 78D2 (at5g17050), encoding anthocyanidin 3-

O-glucosyltransferase which specifically glucosylates the 3-position of the flavonoid 

C-ring.  Anthocyanidins such as cyanidin and pelargonidin as well as flavonols such 

as kaempferol and quercetin are its accepted substrates (Sun et al., 2016).  A further 

glycosyltransferase was also included that had comparable correlation to 78D2; 74E2 

(at1g05680).  Two homologues of 2-oxoglutarate and Fe(II)-dependent oxygenase 

(2OGD) superfamily protein were also included in the catalytic protein group that 

were homologous to at1g06620 and at1g006650.  2OGDs are widely recognised as 

having a function in the hydroxylation reaction in the flavonoid biosynthetic 

pathway (Wilmouth et al., 2002).  Remaining homologues included those linked to 

auxin biosynthesis flavin-containing monooxygenase family protein at1g48910 

(Cheng et al., 2007), quinone reductase family protein at4g27170, sugar transferase 

protein at2g35710, and O-acyltransferase at3g49200.  Only one transcript annotated 

as being involved in anthocyanin synthesis (O-methyltransferase 1, at5g54160) was 

recognised in this set.  A lack of more common catalytic proteins association may 

contribute to outlined earlier challenges of the annotation based on sequence 
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homology for non-model species.  This raises the question of the validity of the 

annotation of the genes used in the analysis. 

 

 

Figure 5.6  Set of 11 probes with putative function of catalytic proteins and their 

expression during six stages of blackcurrant development, presented as log10 

transformed expression values on Y-axis. 

 

A group of candidate genes of the cytochrome P450 family comprised 10 

homologues to several polypeptides belonging to 6 different families (Table 5.1).  

Several of these gene homologues (at3g48320, at3g4827, at3g26200, at3g26300, 

at3g26310, at2g45550, at4g31950) belong to CYP71 clan forming the largest set of 

P450s in plants (Nelson et al., 2004), comprising also structural flavonoid 

3’hydroxylase (F3’H) and flavonoid 3’5’hydroxylase (F3’5’H).  Several members of 

the CYP71 clan contribute to the synthesis of phenylpropanoids, flavonoids, 

isoflavonoids, alkaloids and other secondary compounds and the extreme 
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diversification of families and subfamilies in this clan was indicated as having great 

utility for plant evolution (Nelson et al., 2004, Seitz et al., 2006).  Expression 

profiles of all identified cytochrome P450’s are presented in Figure 5.7. 

 

 

Figure 5.7  Set of 10 probes with putative function of cytochrome P450 family 

proteins and their expression during six stages of blackcurrant development, 

presented as log10 transformed expression values on Y-axis. 

 

Several putative transporter homologues were identified in the set of genes with high 

positive correlation to total anthocyanin accumulation (Table 5.1).  Those included 

two proteins belonging to MATE proteins recognised to be involved in anthocyanin 

transport (Gomez et al., 2009, Zhao and Dixon, 2010) at5g52450 and at5g65380; 

four ABC transporter family multidrug resistance-associated proteins (Wanke and 

Üner Kolukisaoglu, 2010) at3g59140, at3g59140, at2g34660, at1g15520, one 

glutathione S-transferase family protein (at1g02920), a family that is known to 
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contribute to anthocyanin transport in grape (Gomez et al., 2011), and two amino 

acid transporters (at4g21120 and at1g25530).  The at1g25530 homolog exhibited the 

most divergent pattern of expression and, in comparison to other putative transporter 

genes, its expression rapidly declined from the red stage of fruit development (Figure 

5.8). 

 

 

Figure 5.8  Set of 9 probes with putative function of transporters and their 

expression during six stages of blackcurrant development, presented as log10 

transformed expression values on Y-axis. 

 

Regulatory protein homologues included two hormone response proteins described 

earlier as having involvement in development and ripening processes in fruit (section 

4.2.2.4.2), ACC synthase (at4g11280) and ABA responsive elements-binding factor 

2 (at1g45249).  Also in this group regulatory R2R3-MYB transcription MYB 15 

domain protein, recognised in grape as regulator of stilbene biosynthesis (Höll et al., 

2013) was identified.  The remaining proteins included global transcription factor C 
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(at4g10710), carbohydrate binding domain at5g35740 and also recognised as 

significantly changing in pear disease resistance-responsive at1g65870 protein 

homologue (Nashima et al., 2013).  Expression patterns of those homologues are 

compared in Figure 5.9. 

 

 

Figure 5.9  Set of 6 probes with putative function of regulatory proteins and their 

expression during six stages of blackcurrant development, presented as log10 

transformed expression values on Y-axis. 

 

The last group comprised four proteins of unknown functions (PUF’s) in 

Arabidopsis (Table 5.1).  These proteins were included purely due to their high 

correlation coefficient and may represent additional transcripts that have functions in 

anthocyanin biosynthesis in blackcurrant.  Expression profiles are presented in 

Figure 5.10. 
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Figure 5.10  Set of 4 proteins with unknown functions (PUF) and their expression 

during six stages of blackcurrant development, presented as log10 transformed 

expression values on Y-axis. 

 

5.3 Discussion 

The biosynthesis of anthocyanins is a highly complex process requiring both 

structural and regulatory proteins that exist as members of large gene families 

(section 5.1.1).  In order to develop and verify precision markers for breeding, an 

understanding of the specific genes required for anthocyanin accumulation in 

blackcurrant would be highly advantageous.  Two approaches into the identification 

of putative blackcurrant candidate genes linked to flavonoid biosynthesis were 

described based on i) homology annotation to Arabidopsis and ii) correlative  

association of metabolome and transcriptome data.  This led to the identification of 

several putative structural, regulatory and transport-associated proteins potentially 

linked to anthocyanin biosynthesis in blackcurrant. 
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Putative structural genes identified by predicted homology included various proteins 

often co-expressed and mostly with high abundance towards later stages of fruit 

development (Figure 5.2).  However, some of those genes were also expressed in the 

first stage of fruit development (small green fruit), and such patterns were also 

confirmed in other fruit species such as bilberry (Jaakola et al., 2002), apple (Honda 

et al., 2002) and sweet cherry (Wei et al., 2015) (Figure 5.2).  This group included a 

range of Cytochrome P450 family proteins (TT7), FLS, C4H, ANS/LDOX and F3H 

genes, commonly described in pathways leading to anthocyanin biosynthesis (Figure 

5.1).  However, some discrepancies in expressions or potential functions were 

indicated for genes such as DFR, CCoAOMT1 and some cytochrome P450 protein 

homologues. 

Despite homology from significant sequence similarity becoming routine and 

considerably more reliable (Pearson and Sierk, 2005), care should be taken when 

interpreting such data and a combination of approaches should be undertaken in 

order to confirm biological significance of predicted annotation (Watson et al., 

2005).  Additionally, several genes belong to large multigene families such as P450 

and MYB (Boudet, 2007), which have multiple functions and are extremely diverse 

in plants.  Evolution within multigene families has been studied (Eirin-Lopez et al., 

2012) and although gene duplication represents a core process of their evolution 

other events are recognised, such as pseudogene formation, gene loss, recombination 

and natural selection.  Additionally, genetic diversity in plants and in particular in 

woody species is great and the specific evolutionary history of each species plays an 

important role in the level and distribution of genetic diversity (Hamrick et al., 

1992).  Moreover, several products from the flavonoid pathway such as anthocyanins 
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will have a range of functions including evolutionary adaptation, UV-B radiation 

protection and stress-related responses (reviewed in Gould et al., 2008). 

Integrating genomics and metabolomics aid systems biology in exploration of the 

extraordinary complexity of the plant’s biochemical potential (Oksman-Caldentey 

and Saito, 2005, Saito et al., 2008).  Several association studies into the 

identification of genes linked to flavonoid biosynthesis and ripening helped to 

elucidate candidate genes pivotal for those processes  in Arabidopsis (Tohge et al., 

2005), tomato (Karlova et al., 2011), tomato and pepper (Osorio et al., 2012), grape 

(Deluc et al., 2007, Degu et al., 2014), and blueberry (Zifkin et al., 2012). 

In blackcurrant, a correlative approach into candidate gene identification of 

metabolome and transcriptome data based on anthocyanin accumulation rate was 

examined (section 5.2.2) and a further 41 putative candidate genes were identified.  

Those genes had a high correlation coefficient with anthocyanin accumulation (≥0.8) 

and included homologs of catalytic proteins (2OGDs, OMTs, UDP-glucosyl 

transferase, Table 5.1), several cytochrome P450 family members with recognised 

roles in secondary metabolism (Gierl, 2009), transporters including MATEs, ABC 

transporters and glutathione S-transferase family proteins, regulatory proteins such 

as R2R3-MYB transcription factors with functions linked to flavonoid biosynthesis 

(Höll et al., 2013, Iglesias et al., 2014) and proteins of unknown function. 

In summary 63 candidate genes with potential functions in anthocyanin 

accumulation in blackcurrant were identified using combination of methods (Table 

5.2).  
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Table 5.2  Summary of 63 candidate genes associated with anthocyanin 

accumulation identified using a combination of methods. 

 

 

No Probe name
a

Contig reference
b

Arabidopsis hit
c

Description
d

Method of 

identification
e

1 CUST_9407_PI427822113 comp2931 AT5G08640 flavonol synthase 1 kegg

2 CUST_9250_PI427822113 comp28726 AT5G07990 Cytochrome P450 superfamily protein kegg

3 CUST_10035_PI427822113 comp31950 AT5G07990 Cytochrome P450 superfamily protein kegg

4 CUST_7378_PI427822113 comp22555 AT5G07990 Cytochrome P450 superfamily protein kegg

5 CUST_10165_PI427822113 comp3252 AT5G07990 Cytochrome P450 superfamily protein kegg

6 CUST_11623_PI427822113 comp39114 AT2G30490 cinnamate-4-hydroxylase kegg

7 CUST_10521_PI427822113 comp33977 AT2G30490 cinnamate-4-hydroxylase kegg

8 CUST_4793_PI427822113 comp164 AT3G51240 flavanone 3-hydroxylase kegg

9 CUST_15655_PI427822113 comp653 AT5G07990 Cytochrome P450 superfamily protein kegg

10 CUST_3286_PI427822113 comp14123 AT5G48930 hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase kegg

11 CUST_6510_PI427822113 comp201 AT4G22880 leucoanthocyanidin dioxygenase kegg

12 CUST_10846_PI427822113 comp353 AT2G30490 cinnamate-4-hydroxylase kegg

13 CUST_15811_PI427822113 comp669 AT5G13930 Chalcone and stilbene synthase family protein kegg

14 CUST_14187_PI427822113 comp527 AT5G07990 Cytochrome P450 superfamily protein kegg

15 CUST_11820_PI427822113 comp39 AT5G13930 Chalcone and stilbene synthase family protein kegg

16 CUST_12305_PI427822113 comp4251 AT5G48930 hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase kegg

17 CUST_9027_PI427822113 comp278 AT5G42800 dihydroflavonol 4-reductase kegg

18 CUST_1201_PI427822113 comp11376 AT4G34050 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein kegg

19 CUST_17243_PI427822113 comp8125 AT4G34050 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein kegg

20 CUST_3565_PI427822113 comp14529 AT4G34050 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein kegg

21 CUST_2028_PI427822113 comp12361 AT4G34050 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein kegg

22 CUST_6962_PI427822113 comp2140 AT2G40890 cytochrome P450, family 98, subfamily A, polypeptide 3 kegg

23 CUST_4294_PI427822113 comp1569 AT5G07990 Cytochrome P450 superfamily protein kegg

24 CUST_17550_PI427822113 comp8445 AT1G06620 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein correlation

25 CUST_9227_PI427822113 comp2863 AT1G06650 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein correlation

26 CUST_5811_PI427822113 comp18513 AT1G48910 Flavin-containing monooxygenase family protein correlation

27 CUST_16536_PI427822113 comp7421 AT2G35710 Nucleotide-diphospho-sugar transferases superfamily protein correlation

28 CUST_17327_PI427822113 comp821 AT3G49200 O-acyltransferase (WSD1-like) family protein correlation

29 CUST_5297_PI427822113 comp1744 AT5G54160 O-methyltransferase 1 correlation

30 CUST_15576_PI427822113 comp6467 AT4G27270 Quinone reductase family protein correlation

31 CUST_3301_PI427822113 comp14143 AT5G38020 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein correlation

32 CUST_9730_PI427822113 comp30683 AT3G44870 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein correlation

33 CUST_3369_PI427822113 comp14245 AT5G17050 UDP-glucosyl transferase 78D2 correlation

34 CUST_11821_PI427822113 comp3 AT1G05680 Uridine diphosphate glycosyltransferase 74E2 correlation

35 CUST_5033_PI427822113 comp16932 AT4G21120 amino acid transporter 1 correlation

36 CUST_7784_PI427822113 comp236 AT1G02920 glutathione S-transferase 7 correlation

37 CUST_4082_PI427822113 comp15341 AT5G52450 MATE efflux family protein correlation

38 CUST_8417_PI427822113 comp25868 AT5G65380 MATE efflux family protein correlation

39 CUST_14912_PI427822113 comp5788 AT3G59140 multidrug resistance-associated protein 14 correlation

40 CUST_14918_PI427822113 comp5788 AT3G59140 multidrug resistance-associated protein 14 correlation

41 CUST_7694_PI427822113 comp2340 AT2G34660 multidrug resistance-associated protein 2 correlation

42 CUST_6304_PI427822113 comp1965 AT1G15520 pleiotropic drug resistance 12 correlation

43 CUST_2720_PI427822113 comp13337 AT1G25530 Transmembrane amino acid transporter family protein correlation

44 CUST_14309_PI427822113 comp535 AT2G45510 cytochrome P450, family 704, subfamily A, polypeptide 2 correlation

45 CUST_11862_PI427822113 comp4018 AT3G48320 cytochrome P450, family 71, subfamily A, polypeptide 21 correlation

46 CUST_9729_PI427822113 comp30680 AT3G48270 cytochrome P450, family 71, subfamily A, polypeptide 26 correlation

47 CUST_8672_PI427822113 comp26617 AT3G26200 cytochrome P450, family 71, subfamily B, polypeptide 22 correlation

48 CUST_3764_PI427822113 comp14828 AT3G26300 cytochrome P450, family 71, subfamily B, polypeptide 34 correlation

49 CUST_16930_PI427822113 comp7807 AT3G26310 cytochrome P450, family 71, subfamily B, polypeptide 35 correlation

50 CUST_6648_PI427822113 comp20547 AT3G14680 cytochrome P450, family 72, subfamily A, polypeptide 14 correlation

51 CUST_18007_PI427822113 comp8920 AT2G45550 cytochrome P450, family 76, subfamily C, polypeptide 4 correlation

52 CUST_12680_PI427822113 comp44305 AT4G31950 cytochrome P450, family 82, subfamily C, polypeptide 3 correlation

53 CUST_3642_PI427822113 comp14644 AT3G56630 cytochrome P450, family 94, subfamily D, polypeptide 2 correlation

54 CUST_17078_PI427822113 comp7970 AT1G12120 Plant protein of unknown function (DUF863) correlation

55 CUST_2140_PI427822113 comp12511 AT1G13940 Plant protein of unknown function (DUF863) correlation

56 CUST_4572_PI427822113 comp16144 AT1G07090 Protein of unknown function (DUF640) correlation

57 CUST_16950_PI427822113 comp782 AT1G11700 Protein of unknown function, DUF584 correlation

58 CUST_5193_PI427822113 comp17232 AT5G35740 Carbohydrate-binding X8 domain superfamily protein correlation

59 CUST_2264_PI427822113 comp12688 AT4G11280 1-aminocyclopropane-1-carboxylic acid (acc) synthase 6 correlation

60 CUST_17963_PI427822113 comp8875 AT1G45249 abscisic acid responsive elements-binding factor 2 correlation

61 CUST_8088_PI427822113 comp24695 AT1G65870 Disease resistance-responsive (dirigent-like protein) family protein correlation

62 CUST_18730_PI427822113 comp9715 AT4G10710 global transcription factor C correlation

63 CUST_11559_PI427822113 comp38828 AT3G23250 myb domain protein 15 correlation

a) 60mer microarray probe name, b) trinity assembly match c) nearest Arabidopsis  BLAST match d) gene description based on Arabidopsis  match e) method of 

candidate gene identification described in Chapter 5
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This indicates the utility of integrated metabolome and transcriptome analysis in 

identification of candidate genes linked to anthocyanin biosynthesis in blackcurrant, 

and may provide a novel approach for improvement of breeding of cultivars with 

increased anthocyanin levels.  However, in order to demonstrate utility and functions 

of those genes a wider population study is required.  Genome-wide association 

studies and quantitative trait locus (QTL) mapping can examine common variation 

across the population and a blackcurrant linkage map with several QTLs associated 

with key blackcurrant quality traits has been developed (Brennan et al., 2008).  A 

new linkage map associated with specific quality traits in blackcurrant will be 

developed and the candidate genes proposed in this chapter will be analysed further 

on that platform.  Consequently this can lead to development of molecular markers 

linked to anthocyanin content in blackcurrant and aid the development of improved 

cultivars containing specific or elevated levels of these valuable flavonoids. 
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6.1 Introduction 

Quality traits are inherited quantitatively and show continuous variation (Francia et 

al., 2005).  This is a consequence of multiple gene involvement and their interaction 

with environment, leading to variation in trait expression amongst individuals 

(Semagn et al., 2010).  Additionally, phenotypic performance only partially reflects 

genetic capacity of individuals. Moreover, formation of extreme phenotypes, or 

transgressive phenotypes is often observed in segregated populations compared to 

phenotypes observed in the parental lines, As a consequence phenotyping is 

challenging, especially in heterozygous perennial crops due to their genetic makeup 

and lengthy establishment period (Dirlewanger et al., 2004b, Graham et al., 2004b, 

Brennan and Graham, 2009).  Knowledge of genetic inheritance and variation is 

essential and leds into the development of technologies assisting improvements and 

reduced timescales in quality-orientated fruit breeding (Kenis et al., 2008). 

Molecular approaches such as the use of DNA based markers, also used in genetic 

variability and fingerprinting studies in woody species (Lanham et al., 1995, Smolik 

and Krzysztoszek, 2010), and marker assisted selection (MAS) have demonstrated 

significant advantages in providing precise, reliable and less time-consuming 

techniques into selection of cultivars (Dirlewanger et al., 2004b, Collard and 

Mackill, 2008) including in woody perennials such as grape (Myles, 2013) and other 

fruit crops (Kumar et al., 2012b).  Such markers are tightly linked with the trait of 

interest and the regions within genomes, quantitative trait loci (QTL), that contain 

genes associated with a particular trait have been extensively studied (Semagn et al., 

2010).  Those chromosomal regions can be identified on linkage maps constructed 

using molecular markers, and QTL mapping incorporating this approach is now 

widely applied in fruit quality studies, namely in peach (Dirlewanger et al., 1999, 
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Zeballos et al., 2016), tomato (Causse et al., 2002), apple (Kenis et al., 2008), melon 

(Monforte et al., 2004, Katzir, 2015), raspberry (McCallum et al., 2013, Graham et 

al., 2015) and others. 

The application of next-generation sequencing (NGS) technologies has improved 

this further through remarkable advances in sequencing.  This provided high 

throughput sequencing and revolutionised plant genotyping and breeding by 

generating increased amounts of markers (He et al., 2014).  Genotyping by 

sequencing (GbS) has been developed and applied in sequencing multiplexed 

samples that combine molecular marker discovery and genotyping, this reduced 

further the cost of those analyses making it an affordable option for small crops such 

as blackcurrant and provided opportunities for simultaneous discovery, detection and 

validation of markers also by using a small amount of DNA (Elshire et al., 2011). 

Initial work in marker discovery for Ribes was linked to single gene-controlled pest 

resistance and fingerprinting (Brennan et al., 2009) and several marker technologies 

were used (RAPD, ISSR, AFLP) (Lanham et al., 1995, Lanham and Brennan, 1999, 

Lanham et al., 2000).  More recently traits associated with processing and nutritional 

content were investigated using simple sequence repeats (SSR) and single nucleotide 

polymorphism (SNP) markers (Brennan et al., 2002).  In 2008 the first genetic 

linkage map was constructed in blackcurrant using AFLP, SSR and SNP markers 

and several regions (QTLs) associated with fruit quality and agronomic traits were 

identified (Brennan et al., 2008).  Significant QTLs for anthocyanin content and 

budbreak were identified on this map (Hackett et al., 2010), suggesting possible 

utility of marker assisted selection for those traits in a breeding programme.  Novel 

transcriptome-based SNP markers obtained using second generation sequencing 

(2GS) 454 technologies were utilised in the construction of a high-density linkage 
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map in 2011 (Russell et al., 2011) and in 2014, GbS technology using de novo read 

assembly coupled with SNPs generated using previous technologies was 

implemented into developing a linkage map with increased density and improved 

genome coverage (Russell et al., 2014). 

Both of these linkage maps were developed primarily on a reference mapping 

population established and segregating mainly for a range of agronomic traits (SCRI 

9328).  However, Russell et al. (2014) observed good correspondence between SCRI 

9328 and a second mapping population designated MP7 for markers and a range of 

quality traits. 

In this chapter, the construction of a quality based linkage map, combining 

previously identified SNP 454 (Russell et al., 2011) and new GbS markers, is 

reported.  Additionally, QTL mapping based on 6 years of phenotypic data from 

MP7 offspring and association of QTLs underlying important quality traits notably 

anthocyanin content and earlier identified (Chapter 5) candidate genes is presented. 

6.2 Results 

6.2.1 Library construction 

DNA from 294 offspring and parents of the cross from ‘Ben Finlay’ and ‘Hedda’, 

which segregates for a range of quality traits, were used as the starting material to 

generate genomic libraries for GbS, digested with PstI and MseI as described in 

section 2.6.3.  Each digested DNA was barcoded with unique adapter sequences as 

described in section 2.6.3.1-2.6.3.2 and multiplexed in batches of 48 (library 1 and 2) 

and 96 (library 3 and 4).  The libraries were then sequenced at TGAC (The Genome 

Analysis Centre, Norwich, UK). 
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6.2.2 Processing GbS data 

GbS data were processed by the Information & Computational science department 

(ICS) of The James Hutton Institute and is described in section 2.6.4.1. 

The read numbers for libraries 3 and 4 were considerably lower for mapping 

population parents compared to libraries 1 and 2 (Figure 6.1).  This was also 

reflected in the offspring of those libraries (Figure 6.2). 

 

 

Figure 6.1  Raw reads comparison of four libraries and two parents, ‘Ben Finlay’ 

and ‘Hedda’.  Analysis and figure provided by ICS JHI. 
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Figure 6.2  Mean values of all trimmed reads across four libraries comprising MP7 population.  Analysis and figure provided by ICS JHI.

0

1000000

2000000

3000000

4000000

5000000

6000000

1 6

1
1

1
6

2
1

2
6

3
1

3
6

4
1

4
6

5
1

5
6

6
1

6
6

7
1

7
6

8
1

8
6

9
1

9
6

1
0

1

1
0

6

1
1

1

1
1

7

1
2

2

1
2

7

1
3

3

1
3

8

2
0

0

2
0
5

2
1

0

2
1
5

2
2

0

2
2
5

2
3

0

2
3
5

2
4

0

2
4

5

2
5

0

2
5

5

2
6

0

2
6

5

2
7

0

2
7

5

2
8

0

2
8

5

2
9

0

n
z_

1
9

6

n
z_

2
0

9

n
z_

2
2

0

n
z_

2
2

7

n
z_

2
4

2

n
z_

2
5

7

n
z_

2
6

5

n
z_

2
7

5

n
z_

2
8

4

Trimmed reads

Library 1

Mean 2767613

Library 2

Mean 2388317

Library 3

Mean 1049707 

Library 4

Mean 1388731 



 213 Chapter 6 

Two approaches for SNP discovery were employed.  The first method was to map 

the GbS tag sequences against the ‘Ben Finlay’ reference assembly developed 

previously at The James Hutton Institute, and the second was to use the UNEAK 

pipeline from the TASSEL suite software (section 2.6.4.1.2).  TASSEL method 

produced a total of 40,100 potential SNPs and comparison against reference 

assembly 7342 in which 4716 SNPs from TASSEL had a good correspondence. This 

resulted in 7342 markers. 

6.2.3 Analysis of libraries 

Analysis in this section was provided by BioSS (Biomathematics & Statistics 

Scotland). 

A total of 7342 SNPs was taken for further analysis.  SNPs with ≤50 missing values 

were kept which gave 2997 SNPs.  A similarity matrix was calculated, based on the 

allele read counts for parent and offspring using the city block measure of similarity 

(section 2.6.5).  In principal coordinate analysis (PCO) of this similarity matrix, the 

first principal coordinate explained 24.1% of the variation in the similarities, and the 

second principal coordinate explained 8.0% (Figure 6.3).  The PCO plot shows two 

large groups, separated on the first axis, and two individuals separated from the rest 

by the second axis.  The latter are the parents.  The large group of individuals with 

negative scores for PCO1 are all from libraries 1 and 2, while the large group with 

positive scores are from libraries 3 and 4 (Figure 6.3). 
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Figure 6.3  Mapping population 7 GbS markers principal coordinate analysis based 

on read counts.  X-axis - PCO1, Y-axis - PCO2; ● - offspring (O), ● - Hedda (H), 

● - ‘Ben Finlay’ (F).  The first principal coordinate explained 24.1% of the variation 

in the similarities, and the second principal coordinate explained 8.0% of the 

variation.  Figure and analysis provided by BioSS, Dundee. 

 

This unusual separation indicated inconsistencies between libraries 1/2 and 3/4.  This 

was also reflected in previously presented number of reads (Figure 6.2).  This may 

have been a result of technical issue linked to construction of libraries, combined 

with the use of PstI, a methylation sensitive restriction enzyme, however the nature 

of this problem has not been established. 

Offspring and parents in libraries 1/2 had higher read counts compared to library 3/4 

and data from the previous study using SNPs from 454 sequencing for those 92 

offspring was available and had been used to develop a preliminary genetic map 
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previously (Russell et al., 2011).  This was used to validate and confirm that data 

from library 1/2 was the more robust set and was used for further linkage map 

construction.  In order to characterise SNPs, previously applied Russell et al. (2014) 

SNP genotype calling based on functional regression analysis from GbS major and 

minor allele read counts was performed (section 2.6.5). 

6.2.4 Linkage map 

A total of 2580 GbS markers were coded for heterozygotes in ‘Ben Finlay’ - 

LMxLL, heterozygotes in Hedda - NNxNP, heterozygotes in both - HKxHK and 

unknown uu.  Markers were separated depending on their segregation, this gave 536 

markers segregating in ‘Ben Finlay’ (AB x AA), 678 markers segregating in Hedda 

(AA x AB), and 350 markers segregating in both (AB x AB) odd markers were not 

included for further analysis.  Three offspring were removed that were odd in map 

454 (13, 54 and 76) and a total of 1561 markers were taken for further analysis. 

Data were imported into JoinMap4.1 (Van Ooijen, 2006).  Locus genotype 

frequency, testing segregation distortion based on chi-square (X2) test results was 

calculated, and distorted (P<0.001) markers were excluded.  Additionally, identical 

loci with a similarity value of 1.0 were removed.  This left 906 markers for map 

development. 

Markers were placed into 8 linkage groups and map data were exported and merged 

with previous 454 map (Russell et al., 2011) consisting of 100 SNP markers.  Data 

were imported back to JoinMap and several mapping rounds were performed where 

distorted, odd and markers with strong linkages were removed.  The mean chi-

squared values were used as an indication of the goodness of fit of regression 

mapping to the pair wise estimates of recombination frequencies for all markers and 
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were within a range of 1.638-5.66 indicating good support for the ordering of 

markers within groups.  A final linkage map of 978 markers with length of each 

chromosome and mean value of marker distribution is presented in Table 6.1. 

 

Table 6.1  Table presenting a total of 978 markers partitioned into eight linkage 

groups (chromosomes), with:  LG – linkage group (1-8); total number of markers in 

each group; length of each chromosome in centiMorgans (cM); and a mean 

distribution of markers along each chromosome, calculated by dividing number of 

markers by length of the chromosome. 

 

 

6.2.5 QTL mapping 

 Phenotypic analysis of mapping population (MP7) 6.2.5.1

6.2.5.1.1 Meteorological data 

Across the 6 years of blackcurrant harvest included in phenotypic analysis (2009-

2014) total rain measured (mm) was higher than the long term average (1971-2000) 

in each year with the highest values recorded in 2012 (931.3 mm) and lowest in 2013 

Linkage group Number of markers cM Marker distribution

LG1 147 133.80 1.10

LG2 90 69.81 1.29

LG3 199 131.78 1.51

LG4 145 111.78 1.30

LG5 122 141.17 0.86

LG6 37 77.48 0.48

LG7 81 64.27 1.26

LG8 157 115.53 1.36

cM - centiMorgans
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(712.9 mm) compared to 664.5 mm average obtained between 1971-2000 (Table 

6.2). Sun hours exceeded long term average in 2009, 2010 and in 2013.  Mean air 

maximum temperature was highest in 2014 and exceeded long term average by 

1.5°C.  Only in 2010 was the mean air maximum temperature was lower than the 30 

years average.  Mean soil temperature at 20 cm depth was higher than average in 

2009, 2011, 2013 and 2014 with the highest value recorded in 2014 at 9.8°C higher 

than the long term average by 1.5°C.  Lowest mean air minimum temperatures were 

observed in 2010 (3.9°C) and 2012 (4.8°C) which were lower than long term 

average.  Overall, 2010 was quite dry, cold and sunny compared to other harvest 

years, 2012 was wet with fewest sun hours, 2013 was the driest however still 

received more rain than long term average and 2014 was the warmest of all harvest 

years (Table 6.2).  These data provides a reference of the potential environmental 

influences that might have been experienced during six years of mapping population 

harvest, however no critical extremes were observed. 
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Table 6.2  Meteorological data for the years 2009 - 2014 as compared to long term average (1971-2000) provided by The James Hutton Institute 

meteorological station. 

 

 

Year
Total rain 

mm

Days rain 

≥0.2mm

Days rain 

≥0.1mm

Total sun 

hours

Mean soil 

20cm °C

Mean air 

max °C

Mean air 

min °C

2009 845.9 189.0 140.0 1523.4 8.9 12.8 5.3

2010 773.5 169.0 129.0 1563.4 8.0 11.9 3.9

2011 864.7 201.0 137.0 1386.1 8.9 13.2 5.6

2012 931.3 181.0 129.0 1362.6 8.2 12.3 4.8

2013 712.9 164.0 116.0 1450.0 8.6 12.4 5.0

2014 856.9 202.0 146.0 1388.8 9.8 13.5 6.1

Long term 

average 

(1971-2000)

664.5 170.0 116.0 1411.6 8.3 12.0 5.1
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6.2.5.1.2 Phenotypic analysis of MP7 

Offspring and parents of the MP7 mapping population, consisting of 144 individuals, 

were assesed for a range of quality traits across 6 years of harvest (2009-2014). The 

mapping population was established between two diverse parents Ben Finlay and 

Hedda that showed clear differences in quality traits such as ascorbic acid levels, 

total anthocyanins and a range of individual anthocyanins such as cyaniding and 

delphinidin derivatices with consistently higher values observed in cv. Ben Finlay 

(Table 6.3). 
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Table 6.3  Table presenting differences in trait values for parents of the mapping 

population 7 (Ben Finlay and Hedda) in years 2009-2014

 

 

 

Trait, Year Ben Finlay Hedda

Total Anthocyanin 2009 1.054 0.391

Total Anthocyanin 2010 0.755 0.493

Total Anthocyanin 2011 0.705 0.455

Total Anthocyanin 2012 0.380 0.204

Total Anthocyanin 2013 0.843 0.625

Total Anthocyanin 2014 0.878 0.555

Ascorbic Acid 2009 * *

Ascorbic Acid 2010 1.816 1.251

Ascorbic Acid 2011 3.541 0.798

Ascorbic Acid 2012 1.150 2.427

Ascorbic Acid 2013 3.192 1.144

Ascorbic Acid 2014 3.696 1.048

Cyanidin-3-O-glucoside 2009 10.024 2.046

Cyanidin-3-O-glucoside 2010 11.353 3.155

Cyanidin-3-O-glucoside 2011 4.975 1.466

Cyanidin-3-O-glucoside 2012 3.414 0.928

Cyanidin-3-O-glucoside 2013 8.214 2.735

Cyanidin-3-O-glucoside 2014 7.727 2.586

Cyanidin-3-O-rutinoside 2009 35.876 17.911

Cyanidin-3-O-rutinoside 2010 47.127 20.727

Cyanidin-3-O-rutinoside 2011 31.088 16.996

Cyanidin-3-O-rutinoside 2012 21.198 11.075

Cyanidin-3-O-rutinoside 2013 38.221 23.175

Cyanidin-3-O-rutinoside 2014 38.711 18.686

Delphinidin-3-O-glcucoside 2009 11.487 3.733

Delphinidin-3-O-glcucoside 2010 13.074 6.132

Delphinidin-3-O-glcucoside 2011 6.563 3.605

Delphinidin-3-O-glcucoside 2012 4.275 2.549

Delphinidin-3-O-glcucoside 2013 10.477 5.907

Delphinidin-3-O-glcucoside 2014 9.849 4.885

Delphinidin-3-O-rutinoside 2009 28.797 21.806

Delphinidin-3-O-rutinoside 2010 35.270 24.560

Delphinidin-3-O-rutinoside 2011 22.740 23.289

Delphinidin-3-O-rutinoside 2012 14.581 15.497

Delphinidin-3-O-rutinoside 2013 28.502 29.283

Delphinidin-3-O-rutinoside 2014 9.849 4.885
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 The quantification included analysis of total and individual anthocyanins, sugars, 

organic acids, ascorbic acid, pH, range of other polyphenols, and 100-berry weight 

using a range of targeted and non-targeted methods (Supplementary table S6.1).  In 

total 29 traits were quantified. Data were transformed and normally distributed 

however extreme values existed for progeny for both higer and lower values than 

parental lines (Supplementary table S6.1) 

Analysis of variance (one-way ANOVA) was performed for each trait using Genstat 

software with year as a block design in order to determine genotype effect (Table 

6.4). 

With the exception of kaempferol rutinoside, significant differences between 

genotypes indicated a good agreement of individuals ranking across the years, which 

may indicate that although year on year values may fluctuate due to external 

influences such as weather conditions, ranking within the population is highly likely 

to remain constant.  This provides valuable information about suitable traits for 

breeding of improved types.  Similarly potential strong genetic control has been 

described for ascorbic acid (Hancock et al., 2007) and some quality traits in first 

genetic map (Brennan et al., 2008) in earlier blackcurrant studies. 

Generalized heritability was analysed using Restricted Maximum Likelihood 

(REML) method in Genstat.  Heritability measures the proportion of variance that is 

attributable to the effects of the trait.  It is used by plant breeders to assess the 

proportion of the variance of a phenotypic trait that is attributable to the effects of 

genotypes, and providing an indication of potential benefits of selection.  

Generalized heritability values range from 0 (no heritability) to 1 (strong 

heritability).  The highest heritability values were observed for sugars measurements 
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(glucose, fructose, Brix %) and ranged from 0.88 – 0.94 (Table 6.4).  Anthocyanins, 

petunidin-3-O-rutinoside, delphinidin 3-O-(6'-p-coumaroyl-glucoside) and 

delphinidin-3-O-glucoside also exhibited relatively high heritability values (0.86 – 

0.88).  The lowest heritability value was observed for kaempferol rutinoside 

(0.2333).  High heritability values indicate strong genotype influence on trait and 

may indicate higher possibilities of a successful outcome of breeding for that trait. 
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Table 6.4  Analysis of variance (one-way ANOVA) P-values and restricted 

maximum likelihood (REML) analysis generalized heritability value (0-1) of 

phenotype data from MP7 progeny across 6 years of harvest (2009-2014). 

2009-2014 
Generalized 

heritability 
P-value 

Glucose 0.9407 <0.001 

Fructose 0.9289 <0.001 

Brix% 0.8838 <0.001 

Petunidin 3-O-rutinoside 0.8816 <0.001 

Delphinidin 3-O-(6'-p-coumaroyl-glucoside) 0.8728 <0.001 

Delphinidin-3-O-glucoside 0.8664 <0.001 

Ascorbic acid 0.8661 <0.001 

Oxalic acid 0.8592 <0.001 

Kaempferol glucoside 0.8570 <0.001 

Peonidin-3-O-rutinoside 0.8552 <0.001 

Delphinidin-3-O-rutinoside 0.8540 <0.001 

Malic acid 0.8417 <0.001 

pH 0.8398 <0.001 

Cyanidin 3-O-(6'-p-coumaroyl-glucoside) 0.8327 <0.001 

Myricetin malonyl hexose 0.8219 <0.001 

Myricetin rutinoside 0.8067 <0.001 

Cyanidin-3-O-rutinoside 0.8066 <0.001 

Quercetin glucoside 0.7887 <0.001 

100 berry weight 0.7606 <0.001 

Myricetin glucoside 0.7455 <0.001 

Cyanidin-3-O-glucoside 0.7287 <0.001 

Quercetin rutinoside 0.7268 <0.001 

Kaempferol malonyl hexose 0.7249 <0.001 

Citric acid 0.7191 <0.001 

Quercetin malonyl hexose 0.6884 <0.001 

Total Anthocyanin 0.6676 <0.001 

Isorhamnetin malonyl hexose 0.6262 <0.001 

Isorhamnetin rutinoside 0.6154 <0.001 

Kaempferol rutinoside 0.2333 0.018 
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 QTL analysis 6.2.5.2

Single trait interval mapping analysis was carried out in order to identify preliminary 

QTL locations using Genstat (section 2.6.7.1).  This indicated a good agreement of 

the positions of QTLs across the years with QTLs present on the same chromosome 

and near distance or overlapping for the most of the important quality traits that had 

map positions.  This may represent a large genotypic effect on those traits and not 

significant environmental impact.  Subsequently, a multi-trait QTL analysis was 

performed to identify the most likely location of the shared QTL for each trait over 

the 6 years.  Two LOD (logarithm base 10 of odds) QTL support intervals with 

significance threshold of -log10 p-value >3.391 were applied (section 2.6.7.1).  The 

LOD score compares the likelihood of obtaining the test data if the two loci are 

indeed linked, to the likelihood of observing the same data purely by chance.  

Positive LOD scores favour the presence of linkage, whereas negative LOD scores 

indicate that linkage is less likely.  Figures for the linkage map were created using 

MapChart software (Voorrips, 2002). 

This analysis generated 76 QTLs across the whole blackcurrant MP7 linkage map.  

QTLs were present on seven linkage groups as linkage group 6 did not have any 

strong quantitative trait loci associations.  Trait QTLs with the strongest linkages 

across the whole map are underlined in Figure 6.5 – Figure 6.11. 

Linkage group 1 contained 147 markers (Table 6.1).  Several QTLs associated with 

anthocyanins, other polyphenols and ascorbic acid were identified on this 

chromosome (Figure 6.4).  Of those the highest significance (-log10 p-value score) 

was obtained for cyanidin 3-O-(6'-p-coumaroyl-glucoside) and myricetin glucoside 

at 6.22 and 5.42 respectively (Figure 6.4).  The significance of the QTL is linked to 

its size (cM) and smaller QTLs will be more significant.  Smaller QTLs will reflect 
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greater variation in the trait they are linked to and those will be more informative as 

fewer markers of a larger effect will be involved in this variation compared to large 

QTLs for which trait variation will not be large and those QTLs will be less 

informative and functional.  Trait data with values for parents and ranges and mean 

for progeny is included in Supplementary table S6.1. 
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Figure 6.4  Linkage group 1.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum value positions (right). 
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LG1

Max 
(>3.391)

 [cM]

Position 

start 

[cM]

Position 

end 

[cM]

Cyanidin 3-O-(6''-p-

coumaroyl-glucoside)
6.22 54.26 46.91 77.98

Myricetin glucoside 5.42 47.26 36.27 59.91

Quercetin rutinoside 4.97 46.91 1.99 133.8

Ascorbic acid 3.92 48.94 29.79 98.6

Cyanidin-3-O-glucoside 3.91 52.41 0 65.66

Cyanidin-3-O-rutinoside 3.8 96.47 78.44 124.36

Kaempferol rutinoside 3.76 76.94 71.75 133.8

Myricetin rutinoside 3.73 47.26 0 77.58

Peonidin-3-O-rutinoside 3.71 0 0 110.76

Petunidin-3-O-

rutinoside
3.71 0 0 110.76

Delphinidin-3-O-

rutinoside
3.56 47.91 37.06 54.69

Quercetin malonyl 

hexose
3.35 29.79 15.45 61.36

cM - centiMorgan

-log10 p-value QTL

Trait
Linkage 

group

LG1

Linkage group 1

cM Marker name
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Linkage group 2 comprised 90 markers (Table 6.1).  A large amount of QTLs 

obtained by multi-trait analysis was present in this group and included a range of 

regions linked to sugar traits such as glucose, fructose and Brix, anthocyanins such 

as delphinidin and cyanidin derivatives, organic acids (malic, citric, oxalic), ascorbic 

acid and other polyphenols (Figure 6.5).  Fourteen of those QTLs were found to be 

the most significant for the linked trait on this linkage group along the whole linkage 

map (underlined, Figure 6.5). 
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Figure 6.5  Linkage group 2.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum value positions (right).  

Underlined traits are most significant in this linkage group across whole linkage 

map. 
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LG2

Max 
(>3.391)

 [cM]

Position 

start 

[cM]

Position 

end 

[cM]

Glucose 37.2 58.05 57.02 58.7

Fructose 31.16 57.45 57.02 58.41

Delphinidin-3-O-

rutinoside
25.15 57.85 53.9 58.41

Kaempferol glucoside 22.23 55.67 53.23 59.07

Brix% 17.82 49.53 49.53 58.41

100 berry weight 12.36 59.87 51.9 61.45

Delphinidin-3-O-

glucoside
11.97 59.07 57.02 59.87

Malic acid 10.7 54.11 53.9 62.56

Peonidin-3-O-rutinoside 8.47 57.85 53.9 66.14
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rutinoside
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Kaempferol malonyl 
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coumaroyl-glucoside)
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Myricetin rutinoside 4.15 56.65 53.23 69.81

Quercetin rutinoside 4.06 5.26 0 17.11

Quercetin malonyl 

hexose
4 47.85 26.07 69.81

Oxalic acid 3.88 56.62 38.76 60.64

Ascorbic acid 3.37 33.69 0 69.81

cM - centiMorgan

LG2
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group
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-log10 p-value QTL

Linkage group 2
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Linkage group 3 consisted the largest amount of markers (199) along 131.78 cM 

(Table 6.1). Those markers underlined 12 QTLs linked mainly to anthocyanin 

derivatives of delphinidin and cyanidin and other flavonols such as quercetin, 

myricetin and kaempferol derivatives (Figure 6.6).  For cyanidin and delphinidin 

coumaroyl-glucoside forms, myricetin glucoside, hexoside malonyl hexose and 

rutinoside and quercetin glucoside and rutinoside linkage group 3 showed the 

strongest linkage with those traits on the linkage map (underlined, Figure 6.6). 
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Figure 6.6  Linkage group 3.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum positions (right).  

Underlined traits are most significant in this linkage group across whole linkage 

map. 
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LG3

Max 
(>3.391)

 [cM]

Position 

start 

[cM]

Position 

end 

[cM]

Quercetin rutinoside 22.65 72.96 72.79 75.11

Myricetin malonyl 

hexose
13.6 106.8 88.67 107.77

Cyanidin 3-O-(6''-p-

coumaroyl-glucoside)
10.5 74.92 68.36 76.32

Myricetin rutinoside 9.94 79.93 72.79 85.92

Myricetin glucoside 7.64 106.8 104.9 110.17

Delphinidin 3-O-(6''-p-

coumaroyl-glucoside)
7.43 68.44 58.03 81.74

Quercetin glucoside 7.35 80.69 58.87 81.74

Kaempferol rutinoside 6.26 67.56 53.46 80.57

Delphinidin-3-O-

rutinoside
6 73.96 65.43 84.12

Delphinidin-3-O-

glucoside
5.69 71.8 65.43 84.12

Isorhamnetin rutinoside 4.89 72.63 48.85 74.92

Cyanidin-3-O-rutinoside 4.36 73.96 28.74 85.92

cM - centiMorgan

LG3

Linkage 

group
Trait

-log10 p-value QTL

Linkage group 3

cM Marker name
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145 markers were placed on linkage group 4 (111.78cM) (Table 6.1).  Kruskal-

Wallis analysis revealed 8 QTLs along this group (Figure 6.7), including several 

anthocyanins, other polyphenols and citrate, for which this group had the most 

significant linkage to this organic acid along the whole linkage map (Figure 6.7). 
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Figure 6.7  Linkage group 4.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum positions (right).  

Underlined traits are most significant in this linkage group across whole linkage 

map. 
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A set of 9 QTLs were detected on linkage group 5 comprising 122 markers (Table 

6.1, Figure 6.8).  These included a range metabolites identified using targeted 

methods such as organic acids, sugars and ascorbic acid.  Malonyl hexose forms of 

quercetin and kaempferol were also forming significant QTLs on this linkage group 

and oxalate, ascorbic acid and quercetin malonyl hexose shown the strongest linkage 

in this group across the whole linkage map (underlined, Figure 6.8). 
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Figure 6.8  Linkage group 5.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum positions (right).  

Underlined traits are most significant in this linkage group across whole linkage 

map. 
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Linkage group 6 had fewest markers along the chromosome (Table 6.1).  

Additionally, no quantitative trait loci were detected for any of analysed traits on this 

linkage group (Figure 6.9). 

 

 

Figure 6.9  Linkage group 6.  Chromosome with marker positions shown 

(centiMorgans, cM). 
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There were 7 significant (-log10 p-value ≥3.391) QTLs identified on linkage group 7 

(Figure 6.10), comprising of 81 markers (Table 6.1).  The traits associated with those 

QTLs included pH, citrate and anthocyanin derivatives of petunidin and peonidin, 

but none of the traits exhibited strongest linkages on this group meaning that those 

traits will have more significant linkages on other chromosomes. 
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Figure 6.10  Linkage group 7.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum positions (right).  

Underlined traits are most significant in this linkage group across whole linkage 

map. 
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In linkage group 8, consisting of 157 markers (Table 6.1), significant linkages were 

detected for ascorbic acid and other flavonols including the coumaroyl-glucoside 

form of cyanidin (Figure 6.11).  Two traits had the strongest associations with this 

linkage group across the whole genome and included isorhamnetin malonyl hexose 

and isorhamnetin rutinoside (underlined, Figure 6.11) 
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Figure 6.11  Linkage group 8.  Chromosome view with marker position shown 

(centiMorgans, cM) (left) and table of significant (-log10 p-value≥3.391) QTLs 

linked to quality traits for MP7 with start, end and maximum positions (right).  

Underlined traits are most significant in this linkage group across whole linkage 

map. 
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Max 
(>3.391)

 [cM]

Position 

start 

[cM]

Position 

end 

[cM]

Isorhamnetin malonyl-

hexose
6.78 17.33 16.95 25.04

Isorhamnetin rutinoside 5.95 19.11 12.85 31

Kaempferol glcucoside 4.97 73.92 61.3 112.89

Cyanidin 3-O-(6''-p-

coumaroyl-glucoside)
4.82 83.08 81.95 83.96

Quercetin malonyl 

hexose
3.48 17.33 2.08 58.68

cM - centiMorgan

LG8

Linkage 

group
Trait

-log10 p-value QTL

Linkage group 8

cM Marker name
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6.2.6 Candidate genes association 

 Candidate genes from metabolome-transcriptome correlation (Chapter 6.2.6.1

5) 

Positions of 63 candidate genes linked to anthocyanin accumulation identified in 

Chapter 5 (Table 5.2) were searched by nucleotide-nucleotide Blast search on newly 

developed linkage map incorporating GbS and 454 markers (Figure 6.5 – Figure 

6.11). 

From the 63 only 3 microarray probes were identified on the blackcurrant MP7 

linkage map.  Those were CUST_5193_PI427822113 (no. 58, Table 5.2) with 

homology to at5g35740 (Carbohydrate-binding X8 domain superfamily protein) 

with two positions on linkage group 3 (LG3), CUST_9027_PI427822113 (no. 17, 

Table 5.2), with homology to at5g42800 (dihydroflavonol 4-reductase) present on 

linkage group 1 (LG1) and CUST_6962_PI427822113 (no. 22, Table 5.2) 

homologous to at2g40890 (cytochrome P450, family 98, subfamily A, polypeptide 

3) on linkage group 8 (LG8) (Table 6.5).  Several QTLs associated with 

anthocyanins and other flavonols were present on LG1, LG3 and LG8 and markers 

associated with those candidate genes were underlying several of those QTLs 

(Figure 6.4, Figure 6.6, Figure 6.11). 

Probe 58 underlied 5 QTLs on linkage group 3, those were cyanidin-3-O-rutinoside, 

isorhamnetin rutinoside, kaempferol rutinoside, quercetin glucoside and delphinidin 

3-O-(6'-p-coumaroyl-glucoside).  Of those quercetin glucoside and delphinidin 3-O-

(6'-p-coumaroyl-glucoside) were the most significant on this linkage group across 

the linkage map and had a very similar position.  This relationship may represent 

strong linkage of those traits or involvement of pleiotropic genes having functions in 
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diverse processes. Probe 17 underlied 7 QTLs on linkage group 1, those were 

petunidin-3-O-rutinoside, peonidin-3-O-rutinoside, myricetin rutinoside, cyanidin-3-

O-glucoside, ascorbic acid, quercetin rutinoside and cyanidin 3-O-(6'-p-coumaroyl-

glucoside).  None of those QTLs had the highest significance on this linkage group, 

additionally several of those QTLs were large indicating small phenotypic variation.  

Probe 22, present on linkage group 8 has not underlined any significant QTL 

associated with markers on this linkage group. 

 

In addition to divergent function association of candidate genes to traits linked to 

QTL on linkage map, the lack of map positions for other candidate genes can be 

attributed to still relatively low resolution genetic map and ‘Ben Finlay’ genome on 

which assembly of the markers was based about half of expected size.  This indicates 

the importance of improving the genetic resources in crops for which quality traits 

are paramount and linking the approaches for better outcome. 
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Table 6.5  Candidate genes identified in Chapter 5 with map positions in centiMorgans (cM) on linkage groups (LG) and associated marker 

name. 

 

 

No (Table 6.4) Probe name
a

Contig reference
b

Arabidopsis Hit
c

Description
d

Method
e Linkage group Marker

f Position on map (cM)

58 CUST_5193_PI427822113 comp17232_c0_seq1 AT5G35740 Carbohydrate-binding X8 domain superfamily protein correlation LG3 s10873 61.206

58 CUST_5193_PI427822113 comp17232_c0_seq1 AT5G35740 Carbohydrate-binding X8 domain superfamily protein correlation LG3 s10873 61.544

17 CUST_9027_PI427822113 comp278_c0_seq1 AT5G42800 dihydroflavonol 4-reductase kegg LG1 s16423 59.91

22 CUST_6962_PI427822113 comp2140_c0_seq1 AT2G40890 cytochrome P450, family 98, subfamily A, polypeptide 3 kegg LG8 s2158 61.786

a) 60mer microarray probe name, b) trinity assembly match c) nearest Arabidopsis  BLAST match d) gene description based on Arabidopsis  match e) method of candidate gene identification 

described in Chapter 5 f) GbS marker present on blackcurrant MP7 linkage map
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In order to investigate polymorphism between the parents of the mapping population 

(MP7) underlying identified markers, assembly based on ‘Ben Finlay’ genome, 

microarray probe data (CUST), 454 markers (Russell et al., 2011) (TGICL454), 

trinity assembly (comp), GbS markers (scaffolds) (sNUMBER) and sequence data 

for RNA-seq 11 cultivars including ‘Ben Finlay’ and ‘Hedda’ (coloured sequences) 

was prepared by ICS JHI.  Assembly of those sequences was visualised using Tablet 

software (Milne et al., 2012) (Figure 6.12) (section 2.6.7.3). 

 

 

Figure 6.12  Tablet view of ‘Ben Finlay’ genome assembly with microarray probe 

data, identified SNP, 454 marker data, trinity assembly and RNA-seq data for 11 

blackcurrant cultivars, including mapping population (MP7) parents ‘Ben Finlay’ 

and ‘Hedda’. 
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The Ribes genome assembly for ‘Ben Finlay’ and the RNA-seq data for 11 

blackcurrant genotypes were developed within the Soft Fruit Genetics Group at the 

James Hutton Institute, as part of the Scottish Government Rural Affairs and 

Environment Science and Analytical Services programme of research.  ‘Ben Finlay’ 

genome used for this assembly size is 0.7 Gbp where ~1.9 Gbp is expected size for 

Ribes (Chiche et al., 2003). 

There were no SNPs within the markers that were identified (Figure 6.13) for any of 

the 3 probes identified in the microarray study (Table 6.5), meaning that the chosen 

candidate gene had no polymorphism in parents of this mapping population and 

would not segregate for those associated candidate genes.  This may have been 

associated with functionality of those candidate genes on phenotypic level and low 

genomic resolution of the linkage map and ‘Ben Finlay’ genome. 
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Figure 6.13  Tablet view of ‘Ben Finlay’ genome assembly indicating no detected 

polymorphism for ‘Ben Finlay’ (brown lines) and ‘Hedda’ (yellow lines) sequences 

on probe CUST_5193 (red line). 

 

 Candidate genes underlying QTLs 6.2.6.2

A second approach to identify potential molecular markers for quality related traits 

was to examine the genomic regions under the mapped QTLs described above.  As 

anthocyanin is a preferred trait for selection of improved blackcurrant cultivars, all 

regions associated with anthocyanin QTLs were analysed.  Total anthocyanin has not 

contributed to QTL, however several individual anthocyanins QTLs were present on 

the linkage map.  Those were located on several linkage groups (LG1, LG2, LG3, 

LG4, LG7 and LG8).  Most prevailing anthocyanins in order of abundance in 

blackcurrant are delphinidin-3-O-rutinoside, cyanidin-3-O-rutinoside, delphinidin-3-
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O-glucoside and cyanidin-3-O-glucoside (Chapter 3) (Rubinskiene et al., 2005) and 

their QTLs were located on LG1, LG2, LG3 and LG4.  Phenotypically delphinidin-

3-O-rutinoside showed variability in abundance in content between parents and years 

compared to other anthocyanins and was excluded from further analysis 

(Supplementary table S6.1).  From the remaining anthocyanins QTLs, delphinidin-3-

O-glucoside was chosen for further analysis as breeders preferentially select for a 

higher proportion of delphinidin within available germplasm due to its processing 

quality (Brennan, 1996, Brennan and Graham, 2009) and delphinidin-3-O-glucoside 

had the most significant -log10 p-value on LG2 (11.97) of the remaining 

anthocyanins (Figure 6.5).  Additionally, delphinidin-3-O-glucoside indicated 

highest heritability amongst major blackcurrant anthocyanins and has a small genetic 

interval of 2cM (Table 6.4). 

In order to find putative functions of markers underlying this QTL and correlate 

those with transcriptome data (Chapter 4), a list of markers underlying delphinidin-3-

O-glucoside QTL on LG2 were compared by Blastn against microarray probes data.  

26 probes from microarray had hits to 51 markers underlying delphinidin-3-O-

glucoside QTL on LG2. Those probes were identified in unfiltered set of microarrays 

in order to evaluate all possible genes with known expression. Clustering analysis 

was performed in Genespring on the set of those identified genes in order to identify 

patterns of expression of those probes (Table 6.6). 
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Table 6.6  Heatmap tree clustering generated in Genespring of microarray probes expression profiles identified by Blast search underlying 

delphinidin-3-O-glucoside QTL on linkage group 2 across six stages of fruit development. 
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Two major groups of expression were identified for microarray probes underlying 

delphinidin-3-O-glucoside QTL on linkage group 2 across six stages of fruit 

development (Table 6.6). 

First group included probes with high expression in early stages of fruit development 

(stage 1-3) and included probes homologous to UDP-glucosyl transferase 

(at1g22360), tetratricopeptite repeat protein (at5g59200), expansin B3 (at4g28250), 

terpene synthase (at5g23960), WRKY DNA-binding protein (at5g56270) and a 

range of unknown proteins (Table 6.6).  UDP transferase and WRKY proteins are 

known to be involved in flavonoid biosynthesis and signalling (Koes et al., 2005, 

Jaakola, 2013) and homology to those proteins for the markers underlying specific 

anthocyanin on the blackcurrant linkage map may be confirming functionality of this 

QTL. 

Second group consisted of probes highly expressed predominantly in late stages of 

fruit development, those included probes homologous to cytochrome P450 

polypeptide (at1g31800) taking part in carotenoid biosynthesis in Arabidopsis  

CYP97A3/LUT5 (Kim and DellaPenna, 2006, Ruiz-Sola and Rodríguez-

Concepción, 2012), belonging to R2R3 family MYB domain proteins (at3g27920, 

at1g79180), involved in plant development, drought and stress responses ralf-like 

protein (at3g05490) (Sharma et al., 2016), mannose 6-phosphate reductase 

(NADPH) (at2g21250) and proteins of unknown function.  Analogy to colour 

associated P450 protein homolog (CYP97A3) and MYB domain belonging to R2R3 

family known to have regulatory roles in flavonoid biosynthesis (Jaakola, 2013) also 

confirms informativeness of this QTL. 
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In order to identify single nucleotide polymorphism (SNP) between ‘Ben Finlay’ and 

‘Hedda’ underlying those genes of interest, Tablet assembly of ‘Ben Finlay’ genome 

was used.  Probes co-localising with previously identified 454 data (Russell et al., 

2011) and trinity assembly (Russell et al., 2014) were selected for higher confidence 

of reads.  Four probes had significant SNPs (Figure 6.14) segregating in ‘Ben Finlay’ 

and ‘Hedda’ (Table 6.7).  Those probes were taken forward for validation analysis 

on mapping population (MP7). 

 

 

Figure 6.14  Tablet visualisation of ‘Ben Finlay’ genome assembly.  Example of 

significant SNP identified for one of the microarray probes (CUST 8666, vertical red 

line) associated with marker s14859 underlying delphinidin-3-O-glucoside on 

linkage group 2.  ‘Ben Finlay’ sequence in brown, Hedda sequence in yellow. 
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Table 6.7  Probes with identified SNPs segregating in ‘Ben Finlay’ and ‘Hedda’, in markers underlying delphinidin-3-O-glucoside and co-

localising with trinity assembly, selected for validation on progeny of mapping population (MP7). 

Probe
a

Arabidopsis 

hit
b Contig reference

c
Description

d
Marker

e
SNP

f

CUST_10004_PI427822113 AT1G31800 comp3179_c0_seq1
cytochrome P450, family 97, 

subfamily A, polypeptide 3
s3223 7783

CUST_2858_PI427822113 AT2G48060 comp13526_c0_seq11 unknown protein s21532 580/586

CUST_6346_PI427822113 AT1G79180 comp19771_c0_seq1 myb domain protein 63 s238 13275

CUST_8666_PI427822113 AT5G59200 comp26600_c0_seq1
Tetratricopeptide repeat 

(TPR)-like superfamily protein
s14859 2834

a) 60mer microarray probe name, b) nearest Arabidopsis BLAST match c) trinity assembly match  d) gene description 

based on Arabidopsis  match e) GbS marker with SNP f) single nucleotide polymorphism (SNP) number/position
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6.2.7 Validation 

Kompetitive Allele Specific Polymerase Chain Reaction (KASP) was chosen as a 

genotypic tool for the validation of candidate SNPs associated with delphinidin-3-O-

glucoside (Table 6.7) and KASP assays were designed (Table 6.8) (section 2.6.7.4). 

 

Table 6.8  Kompetitive Allele Specific Polymerase Chain Reaction (KASP) single-

nucleotide polymorphism (SNPs, red) design for 5 markers selected for validation. 

 

 

From the test run using parental DNA and a 6 offspring a satisfactory signal 

response was observed for markers s14859 and s21532 which were then used to test 

the remaining 142 accessions and parents of the mapping population (MP7). 

Marker s21532 did not segregate in the tested population as both ‘Ben Finlay’ and 

‘Hedda’ were homozygous for this SNP where ‘Ben Finlay’ had allele T for this 

marker and ‘Hedda’ allele C and all offspring were heterozygotes C/T. 

SNP ID Sequence

14859_2834

AGTTGTTTAGGGAAATGCAGAGGGAGAATGTGAGACCTAATGAATTCACCAT

TGTATGTG[C/T]ATTATCTGCTGTTCGCAGTTGGGAGCGTTAGAGCTTGGAAAA

TGGGTTCACTGGTACAT

21532_580

TTGCCTGCAAATTGGTATAATCTTCCGTTACATTTGGGCTCAAATGCGTTCGCA

TAACGA[T/C]GTTGTTTGTTATTGTTGCTTCATTTTGATATTTCTATGGAATTTC

AGCTTACTGTCTATG

21532_586 

GCAAATTGGTATAATCTTCCGTTACATTTGGGCTCAAATGCGTTCGCATAACG

ATGTTGT[T/C]TGTTATTGTTGCTTCATTTTGATATTTCTATGGAATTTCAGCTT

ACTGTCTATGGTTTAC

238_13275

CTCAAGTTCAGGGAAAGGCTCGTGGAAACAAATTGGATTGAATTCATTCTCA

CAAGTAGG[G/T]TTATGGGAAATACTTTGAAGAAAAAACTCATGGGAAAAAT

CTGGATGGAATTCATGGTCAGGAA

3223_7783

CACCTTAGGTCGCGATATACAACAAAATATAGTAGCATGTATCCCTTTCATT

TATCAGAT[G/T]ACTGAAGCTGCCAAGTTTGTAAATTATGTAATAATCGGTTC

ATGTATTTAATGAGAGGAT
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Marker s14859 segregated into two groups (Figure 6.15).  Of the 94 segregating 

population, 43 were heterozygous (green) (CT) and 48 homozygous (blue) (CC) 

character (Figure 6.15).  Three wells were undetermined (x) and ‘Ben Finlay’ was 

homozygous (blue, 2/2)(allele CC) and ‘Hedda’ heterozygous (green, 1/2) (alleles 

CT) for this SNP. 

 

 

Figure 6.15  Kompetitive Allele Specific Polymerase Chain Reaction (KASP) 

segregation plot for marker s14859 for homozygous ‘Ben Finlay’ (blue) and 

heterozygous ‘Hedda’ (green) and 92 mapping population 7 progeny. 

 

Linear regression analysis was performed in Genstat in order to test associations 

between genotype data obtained by KASP analysis and phenotype (delphinidin-3-O-

glucoside, Supplementary table S6.1) for this marker and 94 tested progeny (Table 

6.9). 
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Table 6.9  Linear regression analysis for delphinidin-3-O-glucoside and genotype 

segregation of s14859 marker for 94 accessions of mapping population (MP7). 

Trait Year P-value 

Delphinidin-3-O-glucoside 

2009 0.543 

2010 0.485 

2011 0.194 

2012 0.931 

2013 0.168 

2014 0.278 

 

No significant associations were found in any year for delphinidin-3-O-glucoside 

and SNP from marker s14859.  This was revealed by using the means between 

homozygous and heterozygous accessions (Table 6.9).  This could have been 

associated with zygosity of the parents.  As a confirmation neighbouring marker 

being heterozygous in ‘Ben Finlay’ and homozygous in ‘Hedda’ was tested against 

SNP from marker s14859 for phenotypic data obtained in 2010 data and means 

differences between homozygous and heterozygous progeny were more significant.  

As a consequence further validation efforts for this trait should be concentrated 

around markers heterozygous in ‘Ben Finlay’. 

A more global approach for the candidate gene identification was employed and a 

list of candidate genes for further validation was created by searching SNPs within 

markers underlying delphinidin-3-O-glucoside QTL on linkage group 2 within two 

LOD interval from most significant -log10 p-value (11.97) for the SNPs 

heterozygous in ‘Ben Finlay’ and homozygous in ‘Hedda’ (Table 6.10). 
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Table 6.10  List of two LOD interval of highly significant markers with SNP 

positions underlying delphinidin-3-O-glucoside QTL on linkage group 2 with 

heterozygous ‘Ben Finlay’ and homozygous ‘Hedda’. 

 

Marker
a

Position 

on LG2 

(cM)

-log10 p-

value

SNP 

name
b Probe

c
Description

d
Arabidopsis 

Hit
e

CL2660Contig1_501 57.42 10.63 2660_6991 CUST_16160

K-box region and MADS-box 

transcription factor family 

protein

AT1G69120

s3223_p9192_R41 57.5 10.63 3223_2679 n/a n/a n/a

3223_4080 n/a n/a n/a

3223_4086 n/a n/a n/a

3223_4095 n/a n/a n/a

3223_7783 CUST_10004

cytochrome P450, family 97, 

subfamily A, polypeptide 3 

(Table 6.6)

AT1G31800

3223_9349 n/a n/a n/a

3223_10996 n/a n/a n/a

3223_11219 n/a n/a n/a

3223_12578 n/a n/a n/a

3223_14371 n/a n/a n/a

3223_14527 n/a n/a n/a

s8731_p1371_F28 57.85 10.62 8731_2371 CUST_2551
WRKY DNA-binding protein 2 

(Table 6.6)
AT5G56270

8731_7239
CUST_7758 indole-3-butyric acid response 1 AT4G05530

s21532_p2604_R47 58.71 10.52 21532_304 CUST_2857 unknown protein (Table 6.6) AT2G48060

21532_393 CUST_2857 unknown protein (Table 6.6) AT2G48060

21532_415 CUST_2857 unknown protein (Table 6.6) AT2G48060

21532_456 CUST_2857 unknown protein (Table 6.6) AT2G48060

21532_466 CUST_2857 unknown protein (Table 6.6) AT2G48060

21532_2591 n/a n/a n/a

21532_2675 n/a n/a n/a

21532_2753 n/a n/a n/a

21532_3567 n/a n/a n/a

s30045_p4868_R56 59.16 11.54 30045_4464  CUST_10851 
Protein kinase superfamily 

protein (ATP binding activity)
AT5G14720 

30045_4613 n/a n/a n/a

s238_p15270_R21 59.41 8.71 238_7816 n/a n/a n/a

a) GbS (sNUMBER) and 454 Russell et al . 2011 (CL) markers present on blackcurrant MP7 linkage map, b) single 

nucleotide polymorphism (SNP) name/position, c) 60mer microarray probe name, d) gene description based on 

Arabidopsis  match e) nearest Arabidopsis  match obtained by BLAST
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Twenty six SNPs associated with 6 markers underlying delphinidin-3-O-glucoside 

were identified on linkage group 2, which could be tested in the future.  Of those 

some markers were associated with microarray probes and their Arabidopsis 

homologs included MADS-box transcription factor family protein (at1g69120) 

known as AGAMOUS-LIKE 7 and APETALA1 floral homeotic gene and this 

family also shows involvement in anthocyanin accumulation (Lalusin et al., 2006).  

Another identified candidate linked to microarray probe was cytochrome P450 

family polypeptide homolog (at1g31800, CYP97C1) encoding a protein with β-ring 

carotenoid hydroxylase activity (Fiore et al., 2012), WRKY binding protein homolog 

(at5g56270) belonging to well-known transcription factors family and their 

involvement in regulating plant abiotic and biotic tolerance but also in flavonol 

pathway (Grunewald et al., 2012), which provides confidence and utility 

opportunities of identified candidate genes of this QTL. 

6.3 Discussion 

Fruit quality is becoming increasingly important (reviewed by Jenks and Bebeli 

(2011).  It is however challenging especially in perennial crops such as blackcurrant 

and application of modern breeding approaches is required in order to improve 

quality traits in such crops (Karanjalker and Begane, 2016). 

In this chapter (Chapter 6), construction of a high quality blackcurrant linkage map 

for mapping population 7 (MP7) segregating for a range of quality traits was 

reported.  Genotyping by sequencing (GbS) has allowed simultaneous discovery and 

mapping of significant numbers of single nucleotide polymorphism (SNP) markers 

and a total of 978 markers were placed on the new blackcurrant linkage map. 
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This map represents the most saturated linkage map for blackcurrant developed to 

date (Brennan et al., 2008, Russell et al., 2011, Russell et al., 2014) and additionally 

is the first to be constructed specifically for quality traits. 

A range of 28 quality traits analysed across 6 years of harvest exhibited significant 

potential for the utilisation in selection for breeding of cultivars considering those 

quality traits.  Relatively high heritability values and significant linkage between trait 

values obtained each year (Table 6.4) may indicate strong genotype influence on 

those qualitative traits. 

In tomato total phenolic contents, ascorbic acid and other quality associated QTLs 

were identified and manipulation of those quality traits was possible by introgression 

of beneficial alleles into a population (Rousseaux et al., 2005).  QTLs for fruit size 

and sugar composition were isolated by map-based cloning and successfully 

implemented in marker-assisted breeding programmes (Lippman et al., 2007).  It has 

also been demonstrated in apple, peach and grape that genomic selection is a credible 

alternative to conventional selection for fruit quality traits (Kumar et al., 2012b, 

Tóth-Lencsés et al., 2015, Zeballos et al., 2016).  Several quality markers were 

identified in Prunus (Infante et al., 2008) such as skin colour in peach (Ogundiwin et 

al., 2009), soluble solids and acidity in sour cherry (Etienne et al., 2002) and 

identified quality traits had potential in marker-assisted breeding. 

In total 76 quantitative trait loci (QTL) were associated on the newly constructed 

blackcurrant linkage map correlating with variation in a phenotype linked to markers 

obtained by GbS and 454 technology.  Those QTLs represented a wide range of 

blackcurrant quality traits such as sugars, anthocyanins, organic acids, ascorbic acid 
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and other flavonols making it the first high quality comprehensive tool for mapping 

quality traits in blackcurrant. 

Linkage maps with quality QTLs are now being developed for many crops for which 

improvement of quality aspects is pivotal such as in peach (Zeballos et al., 2016), 

apple (Ma et al., 2016), pear (Wu et al., 2014b) and other Rosaceae species 

(Yamamoto and Terakami, 2016). 

In many studies (Semagn et al., 2010, Kumar et al., 2012b) and also here in 

blackcurrant several QTLs were localised on the same chromosome or position, 

indicating possible pleiotropic gene action or tight linkage of loci.  A large number 

of crosses may produce recombinants establishing if linkage or pleiotropy exists 

(Acquaah, 2010). 

Some of the QTLs were quite large, stretching across significant proportion of 

chromosomes (Figure 6.4 – Figure 6.11).  This may be linked to unforeseen 

limitations faced at the late stages of GbS data analysis and inconsistencies in 

libraries outcomes (Figure 6.1, Figure 6.2, Figure 6.3) forcing reduction of progeny 

used in construction of linkage map and QTL associations to 94 and reduction of 

resolution of the map.  It is well known that larger populations are required for high-

resolution mapping (Beavis, 1994, Beavis, 1998, Collard et al., 2005) as each 

progeny represents an opportunity to identify a unique recombination event between 

markers.  Additionally large QTL areas confirm qualitative character of the exploited 

traits and their fundamental nature exhibiting discrete phenotypic variation, 

polygenic control, involvement of many genes of small effects and degree of 

expression (e.g. spanning between values of 1-100) rather than a kind category 

(resistant or susceptible) (Mauricio, 2001, Acquaah, 2010).  Although there were 
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examples of QTL that yield an actual locus (Frary et al., 2000) those examples are 

rare.  Only in those organisms for which genetic information is abundant it may be 

possible to find actual genes that underlie the phenotypes of interest (Mauricio, 

2001). 

Candidate gene approach might help in linking QTL with particular genes.  Genes 

with known functions in particular pathways or those having predicted functions can 

be related to genes already known to have specific phenotypic effects such as 

identification of genes involved in carotenoid pathway in pepper (Huh et al., 2001) 

and colour in strawberry (Deng and Davis, 2001, Pillet et al., 2015). 

Multitude of approaches is a recommended path for identifying gene-phenotype 

relations (Zhu and Zhao, 2007, Wilkening et al., 2009).  In particular comparative 

genomics strategy and comparison to model or species with existing genome, 

function dependent strategy such as recognition of involvement in pathways, 

regulatory networks etc. and ontology based identification. 

In order to link genes identified though microarray and gene expression study with 

markers obtained by GbS for the construction of genetic map a candidate gene 

approach was implemented for blackcurrant.  Microarray probes homology 

annotation to known Arabidopsis genes, expression patterns and knowledge about 

functions of multigene families has allowed the identification of potential candidate 

genes associated with total anthocyanin accumulation (Chapter 5, Table 5.2). 

Integration of the genomic resources available in blackcurrant such as ‘Ben Finlay’ 

genome sequence alignment with other cultivars sequences identified by RNA-seq 

technology has allowed visualisation of global alignment and positions of markers 

associated with blackcurrant map QTLs, microarray probes and other markers 
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identified earlier through different technologies.  This novel approach brings 

together molecular and population genetics with gene expression in order to aid 

genotype-phenotype associations. 

Although the selected candidate genes were differentially expressed in the 

microarray study, and show significant potential involvement in functions associated 

with anthocyanins, only a small proportion had positions on the linkage map and 

they were not polymorphic; there was no variation for the actual gene on the linkage 

map (Table 6.5).  This might have been a consequence of the fact that those 

candidate genes were identified for associations with total anthocyanin 

accumulation, and in the light of total anthocyanin not contributing to significant 

QTL, variation in this trait would not be sufficienr and there might have been 

differences in characteristics of specific anthocyanins such as delphinidin-3-O-

glucoside and total anthocyanin which is visible in correlation table in Chapter 5 

(Table 5.1) and also by the fact that specific anthocyanins had QTL associated with 

those traits on the linkage map.  Candidate gene approach should be investigated 

further on correlations to specific anthocyanins as this concept has utility in many 

species (Pflieger et al., 2001) and in blackcurrant contributed to identification of 

probes associated with gene families involved in flavonoid biosynthesis when 

performed for total anthocyanin accumulation (Chapter 5). 

Limitations arising from only partial exploitation of ‘Ben Finlay genome’ (0.7 Gbp 

out of ~1.9 Gbp) will have implications on all methods as only partial genomic 

information is explored, additionally several markers are not joined and it is unclear 

if and how many genes can be present between them on a genetic map.  Moreover 

reported linkage map represents only a fraction of all markers identified in 

blackcurrant. 
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By analysis of genes underlying selected QTL (delphinidin-3-O-glucoside) on 

linkage group 2 several Arabidopsis homologs of genes potentially involved in 

anthocyanin biosynthesis were identified providing information of potential 

robustness of this QTL.  Selected probes (Table 6.7) segregating in parents of the 

mapping population 7 (‘Ben Finlay’ and ‘Hedda’) were validated by Kompetitive 

Allele Specific Polymerase Chain Reaction (KASP) assay, however the only marker 

that produced reliable signal and segregated into two clusters associated with 

phenotype (delphinidin-3-O-glucoside) has not been found significant (Table 6.9).  

This was potentially attributed to the fact that chosen marker was heterozygous in 

‘Hedda’ and for the neighbouring marker heterozygous in ‘Ben Finlay’ differences 

of the means were found more significant. 

This provided valuable information for the future validations and more global 

approach into validation of the potential markers was proposed. 

Even in model organisms the ability to move from QTL to gene is not 

straightforward.  In several high-resolution mapping studies many QTL are defined 

by markers that are more than 10cM apart and in Arabidopsis the average number of 

genes per cM is 50 so even if a genome project has identified each of the genes in 

that interval, proving that any particular gene is responsible for variation is still 

challenging (Copenhaver et al., 1998, Mauricio, 2001). 

On the basis of the first validation twenty six putative blackcurrant markers 

associated with delphinidin-3-O-glucoside heterozygous in ‘Ben Finlay’ were 

identified (Table 6.10).  Those markers will be used in future validations. 

It is important to confirm that trait-gene associations are consistent in several 

mapping and breeding populations as well as in other environments of the 
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established populations (Xu, 2010).  This will indicate the robustness and utility of 

the marker.  Significantly associated SNPs for delphinidin-3-O-glucoside will be 

validated on the replicate mapping population established in England in 2011 

(section 2.1.2) and the genotype data will be associated with phenotype data for 

delphinidin-3-O-glucoside for that population in order to assess environmental 

influences on those trait-marker associations.  Moreover significant SNP markers 

can be validated on individuals for which RNA-seq sequence data were assembled in 

Tablet such as ‘Ben Dorain’, ‘Ben Gairn’, ‘Ben Hope’, ‘Ben Lawers’, ‘Ben Tirran’, 

‘Murchison’, S10, S36 and ‘Sefton’.  Cultivars having prefix ‘Ben’ are released 

cultivars from The James Hutton Institute breeding programme and some of them 

would have been selected for increased levels of anthocyanins.  S10 and S36 are 

parents of blackcurrant reference mapping population used in the first developed 

blackcurrant linkage map (Brennan et al., 2008) and validation can also be 

performed on this set of progeny. 

Despite several challenges faced in the analyses outlined in this chapter, the highest 

quality linkage map to date for blackcurrant was developed and associations with 29 

important quality traits were made.  This provides a platform for future quality-

orientated assesments where associations to all of those 29 traits can be explored and 

new traits can be added when phenotyping experiments will be performed.  The 29 

traits represent a wide range of opportunities including a range of flavour associated 

compounds such as sugars and orgnic acids, antioxidant ascorbic acid and a range of 

polyphenols that in future programmes may gain more importance. 

Developed linkage map with QTLs regions for quality traits in blackcurrant is a 

valuable resource for further investigations of associations between genotype and 

phenotype of progeny at The James Hutton Institute breeding programme. 
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Conventional breeding of woody perennial species is hindered by their long 

generation time and extended juvenile phase, and selection based on fruit quality 

performance is affected by numerous biotic and abiotic factors requiring recurrent 

phenotype assessment (Rikkerink et al., 2007).  Moreover, phenotype only partially 

represents genotypic predisposition of these often polyploid plants.  Ever increasing 

variety and access to modern genetic tools and selection practices provide 

opportunities to overcome many of those challenges (Pérez-de-Castro et al., 2012).  

Plant breeding is a dynamic science and new tools and resources are helping to make 

a leap in plant breeding, assisting conventional breeding in achieving important 

advances, also in less-studied (Varshney et al., 2010)  minor crops and crops without 

a reference genome (Berthouly-Salazar et al., 2016).  Present and new genomics 

tools are of great value for the genetic dissection and breeding of complex traits in 

plants. 

The aim of this study was to increase understanding of genetic control of processing 

quality traits in blackcurrant and to develop new improved genetic tools in order to 

assist breeding and selection of traits important to blackcurrant end users and the 

processing industry.   

A combination of approaches into assigning gene function was reported and progress 

into understanding genetic and phenotypic relationships was elucidated.  New 

integrated tools were developed that will safeguard future developments in quality-

orientated breeding. 

Blackcurrant is taxonomically distant from other well described fruits such as apple, 

grape, raspberry, strawberry and tomato, and comparison of metabolic processes and 

gene expression linked to fruit quality was previously unclear, moreover annotation 
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of Ribes proteins is based on Arabidopsis thaliana. Several other limitations exist for 

non-model species such as blackcurrant. In particular the large genome size (Chiche 

et al., 2003), poor gene annotation based almost entirely on homology to other 

species and the low density and quality of developed genetic tools such as molecular 

maps indicated the need for increasing the quality of the functional annotation of 

genes recognised in Ribes.  Homology-based studies are exposed to bias originating 

from evolutionary sequence and functional divergence, gene duplication, gene loss, 

parallel networks formation and other evolutionary processes  (Blanc and Wolfe, 

2004).   

Metabolomics has emerged as an important tool for studying and improving quality, 

processing and safety of raw materials and food products (Cevallos-Cevallos et al., 

2009).  For quality trait related genes, functional annotation can be aided by a study 

of the metabolome under conditions in which metabolite profiles are divergent.  In 

this case the fruit developmental profile in which the fruit metabolome is known to 

change drastically as fruit function shifts from an organ protecting the developing 

embryo and seeds to one required for their dispersal was studied. 

In Chapter 3 high throughput phenotyping of blackcurrant fruit throughout stages of 

development helped to improve understanding regarding accumulation and turnover 

of a wide range of metabolites during the complex process of fruit ripening.  A 

multitude of targeted and non-targeted methods were employed and 194 metabolites 

were quantified with 146 metabolites significantly changing concentration during 

blackcurrant fruit development (Supplementary table S3.1).  This analysis represents 

the most extensive metabolome profiling platform of blackcurrant during fruit 

ripening to date and provided a model for the association of gene expression with 

quality traits of this fruit.  
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Until now little was known about the regulation of compounds valuable to industry 

and consumers and their profiling, together with a range of other quality compounds 

that may have precursor roles or gain importance in the future, and this study has 

considerably enriched knowledge about blackcurrant fruit physiology.   

Systematic division of metabolites throughout the stages of blackcurrant 

development were observed.  For example frugivore-deterring proanthocyanidins 

were present at high concentrations in early stages of fruit development, lipids that 

were mostly associated with seed development representing a source of nutrition for 

the embryo post-germination accumulated in the middle stages of fruit development, 

and flavour-enhancing sugars and visually attractive anthocyanins accumulated in 

the later stages of fruit development associated with a switch to the fruit as a seed 

dispersing organ (Figure 3.24).  Given that lipid accumulation was mostly associated 

with seeds, a focussed analysis of seed lipid accumulation in conjunction with 

microarray interrogation provided grounds for studying the expression of genes 

linked to lipid accumulation (Jarret et al., 2013) and may provide important 

information for the industry desiring to utilise blackcurrant seed as a source of 

essential fatty acids either from a juice processing by-product seed-rich residue or 

from fresh fruit.  

Although nearly two hundred metabolites were evaluated in this study it is essential 

to recognise that this is a small proportion of the global and highly interconnected 

network of the total number of metabolites estimated as 15,000 per species and 

200,000 in plant kingdom (Fernie, 2007).  This may impose some limitations into 

this study, however unlike proteins which show interspecific variation, metabolites 

remain the same regardless of the organism which allows detection of common 

pathways (Khatri et al., 2012).  
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A comprehensive understanding of the regulatory processes of fruit ripening is a 

vital step in the development of improved methods for controlling quality associated 

traits and has been elucidated in many fruits such as tomato, apple, pear, grape and 

strawberry (Ampopho et al., 2013).  Several approaches of gene identification and 

expression have made a major contribution to the understanding of the molecular 

basis of fruit quality and ripening control (Grierson, 2013).  Hormonal, 

transcriptional and regulatory networks have been studied and contributed to the 

identification of important regulatory networks and pivotal genes influencing the 

ripening process such as MADS-box genes at the Rin (ripening inhibitor) locus 

necessary for tomato fruit ripening (Vrebalov et al., 2002).  

A global transcriptome analysis microarray platform was utilised in order to study 

expression of ~75,000 contiguous transcripts during blackcurrant fruit development 

and 8281 genes were identified as significantly changing throughout the fruit 

maturation process; moreover, 4714 probes in this set had significant homology to 

annotated Arabidopsis thaliana transcripts.  Several of those genes were identified to 

be stage-specific indicating strong genetic regulation (Figure 4.4). 

Blackcurrant hormonal and regulatory networks have not been studied in detail 

previously and this study (Chapter 4) provides a first global outlook into Ribes 

hormonal and regulatory networks controlling fruit ripening.   

A gene ontology approach (section 4.2.2.3.1) allowed the identification of dominant 

processes associated with divergent stages of fruit ripening.  This indicated a strong 

involvement of hormonal and cellular processes in early fruit development, an 

emphasis on reproductive and seed development processes in the middle stages of 

development and prevailing roles of transport, secondary metabolism and hormonal 
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activity in last stages of fruit development.  As such this confirmed hypothesised 

processes occurring during specific stages of fruit development assigned in the 

phenotypic analysis of developing fruit (Chapter 3) by association of metabolite 

accumulation namely growth and development, seed development, and ripening. 

In the set of significantly changing probes in developing blackcurrant fruit, 57 

transcription factor homologs were identified and their potential role in blackcurrant 

fruit was characterised (section 4.2.2.4.1).  This implied strong involvement of 

several multigene family proteins such as those belonging to MADS box, WRKY 

and MYB transcription factors families.   MADS box genes, SCHIZORIZA and 

FRUITFULL, were found to be highly expressed in early stages of fruit development 

and may play a pivotal role in ripening regulatory functions (Jaakola et al., 2010).  

Confirmation of the significance of reproductive processes in the middle stages of 

fruit development was confirmed by the presence of seed and embryo-related 

transcription factors (ZF-HD-MATERNAL EMBRYO ARREST, FUS3 and 

WRKY2) that in Arabidopsis were identified as key regulators in embryo 

development (Jiang and Yu, 2009, Wang and Perry, 2013).  Late stages of fruit 

development were associated with increased expression of transcription factor 

homologs that may be involved in ethylene signalling, secondary metabolism and 

colour development (WRKY75, MYC2, IAA9 and SEUSS).  

Evidence of strong cross talk between transcriptional and hormonal regulation was 

observed and 159 hormone-related homologs were identified and divided into eight 

hormone-specific groups.  Hormone-associated gene expression throughout 

blackcurrant fruit development indicated that auxin (SAUR50, IAA9, PIN1, AUX1), 

abscisic acid (NCED4, ABA2, AAO3, ABF2), cytokinin (CKX, HK2, HK3) and 

some ethylene associated homologs (ERF2, ETR2, EIN4, ACO1, ACS10) were 
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important in ripening and fruit development processes emphasising a range of 

potential regulatory functions.  These were identified as berry set, growth and texture 

in early stages of fruit development, and ripening in late stages of fruit development.  

Moreover, potential cross talk between ethylene and abscisic acid was seen, which is 

also identified in other non-climacteric fruits such as grape, citrus and strawberry 

and evidence of potential common regulatory mechanisms of ripening of climacteric 

and non-climacteric fruits exist (Giovannoni, 2004).  

A key objective of the present project was to adopt a number of approaches to try 

and identify genes associated with quality traits and improve the functional 

annotation of those genes.  In this respect, we tested the value of studying 

metabolome and transcriptome profiles in developing fruit as tool for functional 

annotation.  Similar approaches have been adopted previously (Tohge et al., 2005); 

however, correlation between gene expression and metabolite accumulation is often 

ambiguous and non-linear (Urbanczyk‐Wochniak et al., 2003, Gibon et al., 2006). 

To overcome some of these issues, previous work has tried to take account of the 

suggestion that any potential metabolome is the ‘downstream’ result of gene 

expression and potential amplification of changes in metabolome post transcription 

(Bino et al., 2004), therefore a model of staggered correlation of metabolite relative 

accumulation and gene expression (Chapter 5) was proposed.  This approach helped 

to identify 41 candidate genes with putative functions in anthocyanin accumulation 

having potential roles as catalytic proteins (OMT1, UDP-GLUCOSYL 

TRANSFERASE 78D2), transporters (MATE, amino acid transporters; AAT1) and 

regulatory proteins (ACC, ABF2, SPT16, MYB15) in blackcurrant (Table 5.1).  

Additionally, 23 structural genes were identified with potential function in flavonoid 

biosynthesis by search in Arabidopsis genome software (Kegg) (Figure 5.2).  These 



 269 Chapter 7 

methods provided a large step forward into improving blackcurrant genome 

annotation that to date was based purely on homology to Arabidopsis.  Both of these 

associations can be performed for other traits included in phenotypic analysis of 

blackcurrant fruit (Chapter 3) expanding genome annotation to other functional 

improvements of blackcurrant genome annotation; anthocyanin accumulation was 

chosen as a proof of concept.  

Pre-existent knowledge of gene function can be particularly useful in combining 

commonly practised genome-wide association studies such as linkage map and QTL 

mapping.  Mapping genes of known function provides a targeted aspect into marker 

association that may act as reference function for genome area and inform about 

recombination rates.  Gene characterisation is useful in many species and was pivotal 

in the identification of a gene determining skin colour in grape (Walker et al., 2007, 

Kuhn et al., 2014). 

In order to validate candidate gene involvement in predicted processes and improve 

already existing genetic tools in blackcurrant, a new fruit quality-specific linkage 

map and QTLs associated with 29 quality traits were constructed providing the best 

quality linkage map available in blackcurrant to date. 

QTL analysis alone may not lead to identification of single molecular marker 

associated with specific traits. This is often hindered by possible pleiotropic actions 

of genes (involvement of one gene in two or more supposedly unrelated phenotypic 

traits), multi-gene involvement, genes of small effects, large QTL areas and the need 

for large population studies which is even more exaggerated when studying 

quantitative traits.  Depending on genetic location even two markers that are 

physically far apart can appear to be genetically close if they are near centromeric 
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regions that are known to be suppressed for recombination (Copenhaver et al., 

1998).  A candidate gene approach can focus the search for specific markers that can 

help in linking QTL with specific traits. 

Both a candidate gene approach (Table 5.2, Table 6.5) and QTL analysis (Table 6.6) 

were highly informative and led to the identification of genes potentially involved in 

anthocyanin accumulation.  They also contributed to improvement of blackcurrant 

genome annotation.  In total 63 genes with potential functions in anthocyanin 

accumulation were identified through a combination of methods (Chapter 5).  978 

markers were placed on a new genetic blackcurrant linkage map and 76 QTL regions 

were associated with a range of quality traits (Chapter 6).  20 of those QTLs were 

specifically associated with the major anthocyanins found in blackcurrant and 

delphinidin-3-O-glucoside content was associated with a highly significant QTL and 

high heritability values on linkage group 2 (Figure 6.5).  From this single nucleotide 

polymorphism was identified and strong maternal influence for heterozygous ‘Ben 

Finlay’ locus led to identification of 26 putative markers underlying delphinidin-3-

O-glucoside QTL for further validation. 

7.1 Future work 

In future studies, more global (not only limited to microarray probe area) and 

specific (correlation of candidate gene performed on a specific anthocyanin rather 

than total value) approach into validation and association of those studies will be 

pursued as the combination of linkage and functional genomics (transcriptome study) 

constitutes a powerful tool to overcome the limits shown by QTL studies. 

Despite challenges in linking candidate gene and QTL regions on the linkage map 

and functional information not being confirmed at the nucleotide level, we have 
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identified potential problems and identified solutions to improve the application of 

this approach. A further set of candidate genes based on the improved application 

was identified for further validation (Table 6.10).  Further validation will be 

performed on existing cultivars with known sequence, an extended mapping 

population based in two environments and a blackcurrant reference population used 

in previous studies, in order to assess transferability and QTL-by-environment 

interactions (Piepho, 2005). 

Additionally, in Chapter 6 all existing genomic tools developed in blackcurrant at 

The James Hutton Institute were integrated to form a multifunctional platform for 

study and visualisation of blackcurrant resources that together with linkage map and 

QTL analysis will be used in future studies of phenotype and genotype associations 

(Figure 6.2). 

Integration of several approaches into characterisation of genetic control of 

blackcurrant quality traits increased our knowledge in the areas of physiology 

(Chapter 3), regulation (Chapter 4), functional gene annotation (Chapter 5), and 

integration and development of blackcurrant genomic tools (Chapter 6).  These 

achievements provided a unique platform and candidate gene profiles with a 

multitude of applications and for assisting breeding and selection for blackcurrant 

with improved quality characteristics at The James Hutton Institute breeding 

programme.  

Characterised genes in blackcurrant will be a valuable resource looking into the 

future developments in genomic tools.  Until now blackcurrant technology followed 

developments of major crops such as potato and barley and from recent applications 

and during the length of this study mapping population 7 was expanded into 294 
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accessions and there is ongoing work into improving the ‘Ben Finlay’ reference 

genome the assembly of which should be completed in the near future.  It is 

anticipated that further technical advances will be made in the assembly of the 

blackcurrant genome by taking advantage of long-read sequencing platforms such as 

Pacific Biosciences (PacBio) Oxford Nanopore (English et al., 2012) which are 

anticipated to enhance the coverage of reference genome, increase rates of variant 

discovery and detection, and will improve the scaffolding of sequence contigs.  This 

will provide a more informative and continuous reference sequence and make 

linkage maps more robust.  

In this study methods in forward genetics that aim to confirm the genetic basis of a 

phenotype were exploited.  In the future, reverse genetics discovering the function of 

a gene by analysing the phenotypic effects of specific engineered gene sequences 

may be applied in fruit (Nagamangala Kanchiswamy et al., 2015).  Clustered 

regularly interspaced short palindromic repeats (CRISPR) (Horvath and Barrangou, 

2010) is now a widely used genome editing technique in many species and crops 

such as potato (Wang et al., 2015a), tomato (Brooks et al., 2014), rice (Mao et al., 

2013), wheat (Shan et al., 2013) and maize (Liang et al., 2014).  Functional gene 

information gathered in this thesis may be useful in using those technologies for 

further improvements of quality-orientated breeding at The James Hutton Institute. 
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