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Abstract

:

Choosing an excellent method to compare the aim characteristics of a large number of cultivars simultaneously in a sufficiently comprehensive way is often an essential challenge for breeders. This article presents the results of a comprehensive assessment of the Estonian conditions of 58 strawberry (Fragaria × ananassa) cultivars of various geographical origins according to the main economically useful markers. Based on two years of data, cultivars were clustered separately for each marker using the K-means clustering method. Considering the data on the aim characteristics, including high yield, high fruit weight, high total soluble solids TSS (°Brix) content, optimal titratable acidity TA (%) content, and a high °Brix/acidity ratio, the groups of similar cultivars formed clearly. The validation of cultivars into similar groups is important for further breeding decisions. A K-means clustering method is ideal for clustering strawberry cultivars according to their characteristics.
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1. Introduction


In Estonia, strawberries are a popular berry crop, which are grown on the largest area of soft-berry crops (737 ha, 2021) [1]. Due to the difference in weather conditions from year to year, the strawberry yield per hectare has fluctuated considerably over the years. For five years (2017–2021), the yield of strawberries has varied from 2.0–2.6 t/ha [1]. The self-sufficiency of locally grown fruits and berries has fallen to a shallow level, constituting only 6.8% of production [2]. One of the Estonian horticulture development program’s main goals is to increase the self-sufficiency level in soft berry crops (especially strawberries). The main focus is on creating sustainable raw material zones for strawberry cultivation for processing companies. In addition to increasing the growing area, sustainable strawberry cultivars that are resistant to local fluctuating climate conditions need to be found.



The successful solution to the problem of creating new local cultivars of berry crops is largely determined by the presence of diverse source material and the correct selection of parental pairs based on knowledge of the patterns of inheritance of the most essential traits. In this regard, special attention should be paid to the arrival of new cultivars of foreign selection with different ecological and geographical origins and the formation of characteristic gene collections. Analysing the priority areas of breeding programs in the world, it should be noted that the main efforts of breeders are currently aimed at creating high-yielding, large-fruited cultivars of an intensive type that are resistant to biotic and abiotic stresses. Particular attention is paid to the quality and appearance of fruits and their suitability for freezing and transportation [3,4,5,6,7,8,9,10]. Estonian soil and climate conditions are favourable for strawberry cultivation. Cultivars bred in countries with similar climatic conditions, such as Latvian, Lithuanian, Finnish, Polish, and Canadian cultivars, are of particular interest.



A comprehensive study of all traits in a cultivar of contexts is essential to identifying especially valuable genotypes. Total soluble solids TSS (°Brix) content, titratable acidity TA (%), and °Brix/acidity are important indicators in evaluating the taste and pleasantness of food. Considering their values helps breeders maintain the desired direction of taste in varietal breeding [11,12,13].



The work aimed to create a new collection of strawberry cultivars, select for breeding, and introduce new promising cultivars to produce. To achieve this goal, the following tasks were solved: 58 strawberry cultivars were evaluated, and their valuable economic and biological properties were analysed by the winter hardiness, yield, fruit size, and high taste characteristics of the berries. Strawberry cultivars characterised by a complex of economically valuable properties were identified. Assessment of the aim characteristics of strawberry cultivars was performed using K-means clustering.



K-means is a simple compartmental clustering algorithm to find non-overlapping clusters. The author of the idea of K-clustering is considered to be Steinhaus in 1957 [14]. The same year, Lloyd proposed the pulse coding modulation standard algorithm, which was published as late as 1982 [15]. Forgy published a similar idea in 1965, but the term “K-means” was not first used until in 1967 by MacQueen’s [16,17]. The main purpose of cluster analysis is the grouping of a set of objects in such a way that objects in the same group (cluster) are more similar to each other than in others. A positive feature of cluster analysis is its ability to compress a large amount of information, systematize it, build a scientifically based classification, and identify the internal relationship between the units of the population under study [18].



Cluster analysis makes it possible to identify and scientifically substantiate the value of each cultivar in terms of a set of indicators, taking into account their changes over the entire studied period [19,20].




2. Materials and Methods


2.1. Plant Material


The investigations were carried out in 2021–2022 at the Polli Horticultural Research Centre of the Estonian University of Life Sciences, Institute of Agricultural and Environmental Sciences (58°7′26″ N, 25°32′43″ E). There were one Belgian (‘Lovril’), eight Canadian (‘AAC Lila’, ‘Nisga’a’, ‘Annapolis’, ‘Vantage’, ‘Redcoat’, ‘Kent’, ‘Bounty’, ‘Harmonie’), one German (‘Senga Sengana’), two Estonian (‘Regatt 80’, ‘Helean’), three Finnish (‘Suvetar’, ‘Valotar’, ‘Hiku’), three French (‘Matis’, ‘Darselect’, ‘Surprise des Halles’), four British (‘Red Gauntlet’, ‘Elegance’, ‘Pegasus’, ‘Fenella’), two Italian (‘Alba’, ‘Asia’), two Latvian (‘Saulene’, ‘Junija Smaids’), four Lithuanian (‘Venta’, ‘Dange’, ‘Nida’, ‘Suitene’), eleven Dutch (‘Korona’, ‘Sonata’, ‘Induka’, ‘Sonsation’, ‘Salsa’, ‘Rumba’, ‘Allegro’, ‘Vivaldi’, ‘Polka’, ‘Lambada’, ‘Jive’), four Norwegian (‘Nobel’, ‘Jonsok’, ‘Frida’, ‘Gudlief’), five Polish (‘Panon’, ‘Filon’, ‘Dukat’, ‘Marduk’, ‘Filut’), three Russian (‘Klubnitšnaja’, ‘Festivalnaja’, ‘Lord’), one Swedish (‘Annelie’), one Scottish (‘Rhapsody’), and three United States (‘Black Swan’, ‘Earliglow’, ‘Honeoye’) cultivars in the evaluation.




2.2. Experiment Scheme


The cultivar evaluation plot was established in May 2020 by using bare-root plants. Each cultivar was planted ten plants at distances 0.3 m from each other to the plot into the soil, covered by black plastic mulch. The ground was soddy-podzolic clay loam without an irrigation system. There were no plant protection treatments applied through the cultivation season. Before planting, the soil was fertilised with NPK mineral fertiliser Cropcare 8-11-21 (Yara International, Oslo, Finland) (600 kg/ha). 5 mL of Cropcare 8-11-21 fertiliser per plant was applied by hand under black plastic mulch from the spring of the year after planting. Plant row spacing was maintained by mechanical mowing. Weeds were manually removed from around the plants once during the growing season (in the month following harvest).




2.3. Meteorological Conditions


Data on the average daily temperature and rainfall for April, May, June, and July of the testing years are shown in Figure 1. Data on the average monthly temperature for April, May, June, and July of the testing years are given in Table 1. The average monthly temperatures in April, May, June, and July were lower in 2022 than in 2021.




2.4. Experimental Methods


Fruit ripening began in 2021 on June 18 and ended on July 12, and in 2022, it began on June 23 and ended on July 11. In the test period, the following characteristics of strawberry cultivars were registered: the start of flowering (50% of plants with flowers), fruit ripening (>20 g/plant), total yield (g/plant), berry weight (calculated by the average weight of 20 berries weight (g) winter hardiness (scores 1–9: 1—plants destroyed, 9—no damage)). The fresh strawberry samples’ (100–120 g) calyxes were removed. Strawberry samples were homogenised for 3 min by operating a hand blender (Philips Viva Collection ProMix), and the homogenate was used for measuring TSS (°Brix) and acidity TA (%). The measurement of total soluble solids TSS (°Brix) and titratable acidity TA (%) was performed with a Pocket Brix acidity meter (Multi Fruits) PAL-BXIACID F5 (Atago, Saitama Japan). A dilution ratio of 1:50 in distilled water was used to measure acidity. The statistical processing of the research results was carried out by multivariate analysis using K-mean cluster analysis utilising the program OriginPro 2020b.





3. Results


3.1. Winter Hardiness


The winter hardiness of the plants for all strawberry varieties after the winter-spring period of 2021–2022 was evaluated with 9 points. There was no visible damage to the ground part of the plant.




3.2. Productivity


The primary indicator characterising the economic value of the cultivar is the yield. As a result of the research, it turned out that the studied cultivars differ significantly from each other in terms of this indicator. Differences in yield were observed between cultivars and within years of study of the same cultivar. The observed differences were due to the cultivar genotype, weather conditions, and the age of the fruiting plantation. The cultivars were studied during two years of fruiting. As a result of the statistical processing of the data using the cluster analysis method, three groups of varieties were identified, including high-yielding, yielding, and medium-yielding cultivars, as shown in Figure 2. In the second year of fruiting, most of the studied cultivars observed a sharp decrease in yield. A significant impact on the decline in yield was exerted by an increased temperature and a lack of rainfall in July-August 2021, as shown in Figure 1, which negatively affected the laying and formation of flower buds for the following year’s harvest. The first cluster of cultivars with an average annual yield of 424.1–624.1 g/plant were cultivars of Russian, European, and Canadian selection. The second cluster, the largest group with yearly yields of 314.4–435.0 g/plant, included mainly cultivars of European and Canadian selection. The third cluster of cultivars, whose average yield was 210.8–289.9 g/plant, is represented by cultivars of European, United States, and Canadian selection. Based on the results obtained, high-yielding cultivars are recommended for use in breeding for productivity: ‘Alba’, ‘Bounty’, ‘Frida’, ‘Hiku’, ‘Junija Smaids’, ‘Klubnitšnaja’, ‘Lord’, ‘Marduk’, ‘Saulene’.



Cluster 1 (9): ‘Alba’, ‘Bounty’, ‘Frida’, ‘Hiku’, ‘Junija Smaids’, ‘Klubnitšnaja’, ‘Lord’, ‘Marduk’, ‘Saulene’.



Cluster 2 (28): ‘AAC Lila’, ‘Asia’, ‘Darselect’, ‘Dukat,’’Elegance’, ‘Festivalnaja’, ‘Filon’, ‘Gudlief’, ‘Harmonie’, ‘Induka’, ‘Jonsok’, ‘Kent’, ‘Korona’, ‘Lovril’, ‘Nisga’a’, ‘Nobel’, ‘Panon’, ‘Redcoat’, ‘Regatt 80’, ‘Rhapsody’, ‘Salsa’, ‘Senga Sengana’, ‘Sonata’, ‘Sonsation’, ‘Suitene’, ‘Surprise des Halles’, ‘Suvetar’, ‘Venta’.



Cluster 3 (21): ‘Allegro’, ‘Annapolis’, ‘Annelie’, ‘Black Swan’, ‘Dange’, ‘Earliglow’, ‘Fenella’, ‘Filut’, ‘Helean’, ‘Honeoye’, ‘Jive’, ‘Lambada’, ‘Matis’, ‘Nida’, ‘Pegasus’, ‘Polka’, ‘Red Gauntlet’, ‘Rumba’, ‘Valotar’, ‘Vantage’, ‘Vivaldi’.




3.3. Berry’s Average Weight


An essential structural element of productivity and one of the indicators of the quality of berries is the average weight. The studied cultivars of strawberries differed significantly among themselves in fruit weight, and differences in this indicator were also found in the same varieties in different years.



The division of varieties according to average weight was carried out by cluster analysis. The varieties were divided into three clusters: high average weight, cultivars with a medium average weight, and low average weight, as shown in Figure 3.



Cluster 1 (23): ‘Alba’, ‘Allegro’, ‘Asia’, ‘Black Swan’, ‘Elegance’, ‘Filon’, ‘Filut’, ‘Frida’, ‘Harmonie’, ‘Jive’, ‘Kent’, ‘Lambada’, ‘Lovril’, ‘Marduk’, ‘Matis’, ‘Nisga’a’, ‘Panon’, ‘Pegasus’, ‘Rumba’, ‘Salsa’, ‘Saulene’, ‘Sonata’, ‘Suitene’.



Cluster 2 (26): ‘AAC Lila’, ‘Annapolis’, ‘Dange’, ‘Darselect’, ‘Dukat’, ‘Fenella’, ‘Festivalnaja’, ‘Gudlief’, ‘Hiku’, ‘Honeoye’, ‘Induka’, ‘Jonsok’, ‘Junija Smaids’, ‘Korona’, ‘Lord’, ‘Nida’, ‘Polka’, ‘Red Gauntlet’, ‘Redcoat’, ‘Regatt 80’, ‘Rhapsody’, ‘Sonsation’, ‘Surprise des Halles’, ‘Suvetar’, ‘Venta’, ‘Vivaldi’.



Cluster 3 (9): ‘Annelie’, ‘Bounty’, ‘Earliglow’, ‘Helean’, ‘Klubnitšnaja’, ‘Nobel’, ‘Senga Sengana’, ‘Valotar’, ‘Vantage’.



All the studied cultivars were distinguished by a decrease in the average berry weight in 2022. This is due to low rainfalls, dry conditions, and a lack of moisture in the upper layers of the soil during the fruiting period in 2022. The highest weights (the average weight of a berry in the group is 15–16.8 g) were mainly from those cultivars of European and Canadian selection. Thus, strawberry varieties from the first cluster are of further interest for breeding as a source of the highest average weight of a berry.




3.4. Total Soluble Solids TSS


Sweetness is one of the most critical quality attributes of strawberries. A linear relationship has been found between strawberry total soluble solids TSS (°Brix) content and consumer value. The higher the TSS content, the higher the rating given to the strawberry cultivar. A strawberry cultivar containing at least 8% TSS can already be considered almost ideal [21]. During the test period under Estonian weather conditions, the strawberry varieties in 2021 and 2022 accumulated 7.1–12% TSS in the berries. In 2022, when rainfall was minimal during the berry ripening period, all studied strawberry cultivars were characterised by a high TSS content (over 8%). The maximum TSS content (8.9–11.8%) in the cluster formed in the comparison of two years was noted in the United States cultivars ‘Annapolis’, ‘Black Swan’, ‘Earliglow’, in the Canadian cultivars ‘AAC Lila’, ‘Annapolis’, ‘Vantage and in the European varieties ‘Nida’, ‘Dange’, ‘Lambada’, ‘Frida’, ‘Gudlief’, ‘Rumba’ and local Estonian varieties Regatt 80’, ‘Helean’ Figure 4.



Cluster 1 (14): ‘AAC Lila’, ‘Annapolis’, ‘Black Swan’, ‘Dange, Earliglow’, ‘Frida’, ‘Helean’, ‘Honeoye’, ‘Korona’, ‘Lambada’, ‘Nida’, ‘Regatt 80’, ‘Rumba’, ‘Vantage’.



Cluster 2 (22): ‘Annelie’, ‘Bounty’, ‘Darselect’, ‘Fenella’, ‘Festivalnaja’, ‘Gudlief’, ‘Jive’, ‘Kent’, ‘Klubnitšnaja’, ‘Matis’, ‘Nisga’a’, ‘Nobel’, ‘Pegasus’, ‘Polka’, ‘Redcoat’, ‘Saulene’, ‘Sonata’, ‘Sonsation’, ‘Surprise des Halles’, ‘Suvetar’, ‘Valotar’, ‘Vivaldi’.



Cluster 3 (22): ‘Alba’, ‘Allegro’, ‘Asia’, ‘Dukat’, ‘Elegance’, ‘Filon’, ‘Filut’, ‘Harmonie’, ‘Hiku’, ‘Induka’, ‘Jonsok’, ‘Junija Smaids’, ‘Lord’, ‘Lovril’, ‘Marduk’, ‘Panon’, ‘Red Gauntlet’, ‘Rhapsody’, ‘Salsa’, ‘Senga Sengana’, ‘Suitene’, ‘Venta’.



Thus, the results of the research made it possible to identify varieties of strawberries that are of interest for further breeding as a source of high total soluble solids TSS (°Brix) content (8.8–12%): ‘AAC Lila’, ‘Annapolis’, ‘Black Swan’, ‘Dange’, ‘Earliglow’, ‘Frida’, ‘Helean’, ‘Honeoye’, ‘Korona’, ‘Lambada’, ‘Nida’, ‘Regatt 80’, ‘Rumba’, ‘Vantage’.




3.5. Titratable Acidity TA (%)


Organic acids in the strawberries’ berries are free and bound. They contain citric, malic, benzoic, oxalic, tartaric, salicylic, and succinic acids [22,23,24]. Strawberry varieties with a low content of titratable acids have a mild taste and have been observed to lose colour when frozen [25]. The optimal acidity % of the strawberries (1–1.1%) was noted on the cultivars of the first cluster: ‘Festivalnaja’, ‘Honeoye’, ‘Earliglow’, ‘Surprise des Halles’, ‘Dange’, ‘Regatt 80’, ‘Redcoat’, as shown in Figure 5.



Cluster 1 (7): ‘Dange, Earliglow’, ‘Festivalnaja’, ‘Honeoye, Redcoat’, ‘Regatt 80’, ‘Surprise des Halles’.



Cluster 2 (30): ‘AAC Lila’, ‘Alba’, ‘Allegro’, ‘Annapolis’, ‘Black Swan’, ‘Dukat’, ‘Gudlief’, ‘Harmonie’, ‘Helean’, ‘Induka’, ‘Jive’, ‘Jonsok’, ‘Junija’, ‘Smaids’, ‘Kent’, ‘Klubnitšnaja’, ‘Lambada’, ‘Nida’, ‘Panon’, ‘Pegasus’, ‘Polka’, ‘Red Gauntlet’, ‘Rhapsody’, ‘Rumba’, ‘Senga Sengana’, ‘Sonata’, ‘Suitene’, ‘Valotar’, ‘Vantage’, ‘Venta’, ‘Vivaldi’.



Cluster 3 (21): ‘Annelie’, ‘Asia’, ‘Bounty’, ‘Darselect’, ‘Elegance’, ‘Fenella’, ‘Filon’, ‘Filut’, ‘Frida’, ‘Hiku’, ‘Korona’, ‘Lord’, ‘Lovril’, ‘Marduk’, ‘Matis’, ‘Nisga’a’, ‘Nobel’, ‘Salsa’, ‘Saulene’, ‘Sonsation’, ‘Suvetar’.




3.6. The Taste


Total soluble solids TSS and organic acids are the typical soluble constituents of strawberry fruit. They have an essential influence on taste and shelf life, and they are reliable indicators of acceptability by consumers. Shifts in total soluble solids TSS and organic acid composition and concentration are also reflected in the quality of fresh fruits and berries. As a rule, berries with a higher TSS/TA% index (the ratio °Brix/acidity) have the best flavour harmony [26,27,28]. Cluster analysis divided the cultivars evenly into three groups according to the ratio of °Brix/acidity, as shown in Figure 6.



Cluster 1 (19): ‘AAC Lila’, ‘Lambada’, ‘Vantage’, ‘Annapolis’, ‘Annelie’, ‘Suvetar’, ‘Black Swan’, ‘Frida’, ‘Filut’, ‘Darselect’, ‘Rumba’, ‘Fenella’, ‘Helean’, ‘Matis’, ‘Korona’, ‘Filon’, ‘Nida’, ‘Lovril’, ‘Gudlief’.



Cluster 2 (18): ‘Honeoye’, ‘Harmonie’, ‘Pegasus’, ‘Nobel’, ‘Earliglow’, ‘Nisga’a’, ‘Salsa’, ‘Saulene’, ‘Senga Sengana’, ‘Sonata’, ‘Sonsation’, ‘Dange’, ‘Bounty’, ‘Asia’, ‘Valotar’, ‘Junija Smaids’, ‘Kent’, ‘Klubnitšnaja’.



Cluster 3 (21): ‘Redcoat’, ‘Rhapsody’, ‘Suitene’, ‘Panon’, ‘Hiku’, ‘Elegance’, ‘Jonsok’, ‘Surprise des Halles’, ‘Lord’, ‘Alba’, ‘Festivalnaja’, ‘Vivaldi’, ‘Venta’, ‘Allegro’, ‘Marduk’, ‘Jive’, ‘Induka’, ‘Polka’, ‘Red Gauntlet’, ‘Dukat’, ‘Regatt 80’.



The weather with minimal rainfall in 2022 contributed to the evolution of the rich taste of the studied strawberry cultivars (°Brix/acidity: 18.2). Mainly European and Canadian selection cultivars with high taste characteristics (°Brix/acidity: 9.6–18.2) were grouped in the first cluster. Thus, as a result of the research, sources of high taste qualities were identified cultivars: ‘Nobel’, ‘Kent’, ‘Frida’, ‘Lovril’, ‘Rumba’, ‘Salsa’, ‘Saulene’, ‘Darselect’, ‘Dange’, ‘Sonsation’, ‘Bounty’, ‘Pegasus’, ‘Suvetar’, ‘Nisga’a’, ‘Vantage’, ‘Lambada’, ‘Klubnitšnaja’.





4. Discussion


As a result of the research on the collection of strawberry varieties of different geographical origins, it was successfully found to identify cultivars that are sources of economically valuable characteristics for further breeding:



High-yielding cultivars: ‘Alba’, ‘Bounty’, ‘Frida’, ‘Hiku’, ‘Junija Smaids’, ‘Klubnitšnaja’, ‘Lord’, ‘Marduk’, ‘Saulene’.



High average weight cultivars: ‘Alba’, ‘Allegro’, ‘Asia’, ‘Black Swan’, ‘Elegance’, ‘Filon’, ‘Filut’, ‘Frida’, ‘Harmonie’, ‘Jive’, ‘Kent’, ‘Lambada’, ‘Lovril’, ‘Marduk’, ‘Matis’, ‘Nisga’a’, ‘Panon’, ‘Pegasus’, ‘Rumba’, ‘Salsa’, ‘Saulene’, ‘Sonata’, ‘Suitene’.



High total soluble solids TSS contant cultivars: ‘AAC Lila’, ‘Annapolis’, ‘Black Swan’, ‘Dange, Earliglow’, ‘Frida’, ‘Helean’, ‘Honeoye’, ‘Korona’, ‘Lambada’, ‘Nida’, ‘Regatt 80’, ‘Rumba’, ‘Vantage’.



Optimal titratable acidity TA (%) cultivars: ‘Dange, Earliglow’, ‘Festivalnaja’, ‘Honeoye, Redcoat’, ‘Regatt 80’, ‘Surprise des Halles’.



High taste qualities cultivars: ‘AAC Lila’, ‘Lambada’, ‘Vantage’, ‘Annapolis’, ‘Annelie’, ‘Suvetar’, ‘Black Swan’, ‘Frida’, ‘Filut’, ‘Darselect’, ‘Rumba’, ‘Fenella’, ‘Helean’, ‘Matis’, ‘Korona’, ‘Filon’, ‘Nida’, ‘Lovril’, ‘Gudlief’.



In the evaluation of the aim characteristics, including yielding, the average weight and, the taste qualities of strawberry cultivars, it turned out that only the Norwegian cultivar ‘Frida’ belonged to the first cluster in all these analysed parameters. Remaining in the second cluster with one characteristic, cultivars ‘Filon’ (Poland), ‘Saulene’ (Latvia), and ‘Lovril’ (Belgium) also showed very high results.



The results that the strawberry variety ‘Frida’ have high yielding, high average weight, and very good taste qualities are well supported by scientific works published in the last ten years [29,30,31].




5. Conclusions


Successfully grouping and comparing cultivar characteristics across large quantities of varieties is not an easy challenge. Assessment of the aim characteristics of 58 strawberry (Fragaria × ananassa) cultivars in Estonia by using the K-means cluster method was a great success. K-means clustering is a simple and powerful method for solving such tasks. As a result of the work, we were able to group 58 strawberry varieties into clusters based on two years of data, which is an excellent help in planning breeding, creating cultivar collections, and establishing production plantations.
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Figure 1. Average daily temperatures (°C) and rainfall (mm) during April, May, June and July in testing years (2021–2022) in Polli. 
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Figure 2. Grouping cultivars of strawberry by yield by the K-mean cluster analysis. 
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Figure 3. Grouping cultivars of strawberries by average berry weight by the K-mean cluster analysis. 
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Figure 4. Grouping of strawberry cultivars by total soluble solids TSS (°Brix) content by the K-mean cluster analysis. 
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Figure 5. Grouping varieties of strawberries according to acidity % by the K-mean cluster analysis. 
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Figure 6. Grouping cultivars of strawberry according to the ratio of °Brix/Acidity by the K-mean cluster analysis. 
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Table 1. Average monthly temperatures (°C) during April, May, June and July in test years (2021–2022) in Polli.
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Average Temperature (°C) by Month




	
Year

	
April

	
May

	
June

	
July






	
2021

	
4.9

	
10.4

	
19.3

	
21.1




	
2022

	
4.3

	
10

	
17.4

	
18.1
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