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ABSTRACT 18 

Blackcurrants of three Finnish commercial cultivars ‘Mortti’, ‘Ola’ and ‘Melalahti’ 19 

cultivated in southern and northern Finland were compared on the basis of the content and 20 

composition of proanthocyanidins (PAs). Seventeen B-type PA oligomers (degree of 21 

polymerization 2-5 and 7) were detected by hydrophilic interaction liquid chromatography 22 

and electrospray ionization mass spectrometry. Total PAs, dimers, trimers and tetramers 23 

were quantified. Among the three cultivars, ‘Ola’ had the highest contents of both total 24 

PAs and PA oligomers. ‘Melalahti’ was separated from both ‘Mortti’ and ‘Ola’ by PA 25 

profiles in the partial least squares discriminant analysis model. All three cultivars revealed 26 

distinct responses to latitude and weather conditions. The content of total PAs showed a 27 

positive correlation to latitude in ‘Ola’ and ‘Melalahti’. Among the meteorological 28 

variables, high temperature and radiation correlated negatively with total PAs, while only 29 

specific variables showed a correlation with PA oligomers. 30 

 31 
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INTRODUCTION 35 

Proanthocyanidins (PAs), also named condensed tannins, are oligomers or polymers of 36 

flavan-3-ols synthesized via the flavonoid biosynthesis pathway. The most common flavan-37 

3-ols are (epi)catechins,  (epi)gallocatechins and relatively rare (epi)afzelechins, forming 38 

procyanidins (PCs), prodelphinidins (PDs), and propelargonidins (PPs), respectively. In 39 

proanthocyanidins, flavan-3-ol units are linked through interflavan bonds. B-type PAs 40 

contain a single C4–C6 or C4–C8 carbon–carbon bond, whereas A-type PAs have 41 

additionally ether C2–O–C7 or C2–O–C5 bonds.1 B-type PAs are more common in foods 42 

of plant origin. However, A-type PAs are present also in some foods, such as avocado, 43 

bilberry, cranberry, crowberry, lingonberry, peanut, etc.2,3  44 

As the second most abundant natural group of phenolic compounds after lignin, PAs 45 

widely exist in a variety of plant tissues and organs, and play an important role in plant 46 

physiology.4 The compounds maintain seed dormancy and integrity, and participate in plant 47 

protection against biotic and abiotic stresses.5-7 PAs have been reported to exert also several 48 

other physiological activities including antioxidant, antimicrobial and antiviral 49 

properties.8,9 In recent years, epidemiological studies also indicate an association between 50 

consumption of PAs and a reduced risk of oxidative stressrelated diseases, such as 51 

cardiovascular diseases, type 2 diabetes, and specific cancers.10-12 The health-promoting 52 

properties of PAs may be attributed to their oligomers with the degree of polymerization 53 

(DP) between 2-4 (DP 2-4) or colonic microbial metabolites derived from PAs of higher 54 

DP values.13 In addition to their beneficial health effects, PAs also play an essential role in 55 

sensory properties of astringency and bitterness in fruits, wine and tea 14,15, where the 56 

https://www.sciencedirect.com/topics/chemistry/antioxidant-agent
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composition of the monomeric subunits, type of stereochemistry in linkages, and DP will 57 

further affect the intensity sensation.15-18 58 

Like most flavonoids, PAs accumulate in plants as defense agents against environmental 59 

stress, such as drought, frost, UV-irradiation.19 Genetic background e.g. cultivar is the main 60 

determinant of PA profiles in plants.20 Besides the genetic background, environmental 61 

factors may also affect the synthesis and accumulation of PAs.21,22 Light exclusion by 62 

shading decreased PA concentration and the proportion of epigallocatechin subunits, as 63 

well as the mean degree of polymerization.23 Gesell et al. verified that MdMYB9 gene 64 

encodes a positive regulator of proanthocyanidin synthesis in leaves of ‘Royal Gala’ apple 65 

(Malus domestica) in response to light stress treatment. The concentration of PAs in juniper 66 

(Juniperus communis) needles and sea buckthorn berries (Hippophaë rhamnoides ssp. 67 

mongolica) clearly increased at high latitudes.20,24 Specific weather conditions in high 68 

latitudes, such as high precipitation and moderate humidity were considered to be favorable 69 

conditions for elevating the content of PAs, however, the temperature sum and total 70 

radiation were negatively correlated with PAs.25 These abiotic stresses influence the 71 

biosynthetic pathways of PAs, controlling the expression of proteins involved in flavonoid 72 

transportation and accumulation by multiple regulatory genes, such as transcription factors 73 

family genes MYB and MYC.26,27 74 

Blackcurrant (Ribes nigrum L.) is an important berry crop and raw material for the food 75 

industry. Different cultivars of Ribes nigrum are widely cultivated in Europe, Asia and the 76 

North America. Over 95% of the global production takes place in Europe. In 2017, the 77 

European harvested area of currants was 113,514 hectares leading to a total production of 78 
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563,657 tons fresh berries, of which blackcurrant dominated.28 Most blackcurrants are 79 

processed into juice concentrates, and the rest is consumed as fresh and frozen berries, as 80 

well as extracts for food supplements and fragrance industry. Blackcurrants are considered 81 

to have potential health benefits, due to the high content of bioactive components such as 82 

vitamin C, anthocyanins, proanthocyanidins and polyunsaturated fatty acids.29 83 

Blackcurrant has been shown to have a range of bioactivities including anti-inflammatory, 84 

anti-oxidant and anti-bacterial effects, as well as the therapeutic potential of cardiovascular 85 

and nervous-related diseases.30,31  86 

Although the total content of PAs in blackcurrant has been reported to be as high as 400 87 

mg/100 g (Fresh Weight, FW), the limited PAs studies are mostly directed towards total 88 

PAs in juices.2 Only a few reports on PA oligomers in commercial cultivars from North 89 

America and Finland could be found, and data on the impact of environmental factors on 90 

PA profiles of blackcurrant is still lacking.17,32 Despite the limited information on PAs, a 91 

number of research has been published on impact of environmental factors on most other 92 

phenolic compounds, sugars, fruit acids, ascorbic acid, and volatile compounds in 93 

blackcurrant.33-36 Therefore, research related to PAs is necessary for the overall 94 

understanding of phenolic metabolites in blackcurrant. In the present study, PAs in three 95 

commercial cultivars of Finnish blackcurrant cultivated at two latitudes were studied in a 96 

period of 3 to 5 years. The effects of growth latitude and weather conditions on PA content 97 

and composition were investigated. The research improves the understanding of the impact 98 

of environmental factors on PAs that are important for both the bioactivities and sensory 99 

properties of blackcurrants. The research also contributes to creating an overall profile of 100 

secondary metabolites in berry crops using blackcurrant as one of the model species. The 101 
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results provide guidance for breeding and commercial cultivation as well as industrial 102 

utilization of blackcurrant. 103 

MATERIALS AND METHODS 104 

Plant Materials.  Blackcurrants of three Finnish commercial cultivars ‘Mortti’, ‘Ola’ 105 

and ‘Melalahti’ were cultivated in the test fields of LUKE (Natural Resources Institute 106 

Finland) located in Piikkiö (southern Finland, 60°23′ N, 22°33′ E) and Apukka (northern 107 

Finland, 66°34′ N, 26°01′ E). The cultivar ‘Melalahti’ is an old landrace from Paltamo 108 

(Kajaani, Finland), and ‘Mortti’ and ‘Ola’ originated from the crossings (‘Wellington XXX’ 109 

× ‘Öjebyn’) and (‘Wellington XXX’ × ‘Lepaan musta’), respectively.37 Twelve bushes of 110 

each cultivar were evenly planted into four field blocks and all field blocks in south and 111 

north were set up in an identical way. The sample information and harvest date are 112 

summarized in Supplementary Table 1. Blackcurrants were harvested when optimally 113 

ripe based on color, flavor, and structure as determined by experienced horticulturists. The 114 

berries were picked randomly from the bushes of each block, mixed well and pooled for 115 

each cultivar. Berries were dispensed into a 500 mL sealed plastic box, frozen immediately 116 

at −20 °C and stored at −20 °C until analysis. For dry weight (DW) measurement, ca. 5 g 117 

of blackcurrants was weighed accurately, cut by scalpel which rinsed by water, dried to a 118 

constant weight at 105 °C, cooled in a desiccator, and weighed. 119 

Sample Preparation and Purification. Extraction and purification of PAs were 120 

modified from the previous method of PA analysis of sea buckthorn.25 About 7 g of 121 

blackcurrants were weighed accurately in duplicate, homogenized with an Ultraturrax T25 122 

at 7000 rpm (IKA, Staufen, Germany), extracted three consecutive times with a 20 mL 123 

mixture of acetone, water and acetic acid (80:19.5:0.5, v/v) by sonication for 15 min. After 124 
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centrifugation at 4420 × g for 10 min, the supernatants were combined and evaporated to 125 

remove acetone, the remaining aqueous phase was degreased with petroleum ether (15 126 

mL× 2) and filtered through a 0.20 μm regenerated cellulose (RC) filter (15 mm inner 127 

diameter, Phenomenex, Torrance, CA). Then the samples were purified with column 128 

chromatography. The size and packings of the column were the same as described in the 129 

previous study.25 The column was eluted sequentially with 200 mL water (Fraction I), 200 130 

mL methanol in water (20:80, v/v, Fraction II), 150 mL acetone in water (70:30, v/v, 131 

Fraction III), 100 mL methanol, and 100 mL water. The fractions were evaporated to 132 

dryness (40 °C) and re-dissolved in 1 mL methanol for analyses. In order to understand the 133 

composition of the purified fractions, the crude extract and fractions were analyzed using 134 

a Nexera ultrahigh performance liquid chromatograph with diode array detection (UHPLC-135 

DAD) system (Shimadzu Corporation, Kyoto, Japan). A Phenomenex Aeris peptide XB-136 

C18 (3.6 μm, 150 × 4.60 mm) column was used for separation, the liquid chromatography 137 

conditions were the same as used in the previous anthocyanin analyses.38 138 

Proanthocyanidin Analysis. Identification of blackcurrant PAs was carried out by a 139 

method combining hydrophilic interaction liquid chromatography and electrospray 140 

ionization mass spectrometry (HILIC–ESI–MS). The instruments and liquid 141 

chromatography conditions were the same as described previously.20 The ESI conditions 142 

were as follows: capillary voltage, 3.5 kV; cone voltage, 35 V; extractor voltage, 7 V; source 143 

temperature, 120 °C; desolvation temperature, 300 °C. The ESI source was operated in the 144 

negative ion mode by scanning from 500 to 1500 m/z. Quantitative analysis of PA 145 

oligomers and the total PAs was carried out by the HILIC–ESI in selective ion recording 146 

mode (SIR) method and spectrophotometric Brunswick Laboratories 4-di-147 
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methylaminocinnamaldehyde (BL-DMAC) method, respectively.20 A commercial 148 

procyanidin B2 was used as an external standard. The concentrations of PAs in samples 149 

were calculated as procyanidin B2 equivalent and expressed as mg/100g in DW.  150 

Meteorological Data. The meteorological data during 2011–2017 were provided by the 151 

Finnish Meteorological Institute. Data for Piikkiö and Apukka were recorded at the weather 152 

station in Yltöinen (60°23′N, 22°33′E, 6 m) and the weather station at Rovaniemi Airport 153 

(66°33′ N, 25°50′ E, 195 m), respectively. The meteorological parameters used in this study 154 

and their abbreviations were summarized in Supplementary Table 2. 155 

Statistical Analyses. All the samples were analysed in duplicate. Statistical analyses 156 

and multivariate models were performed using SPSS 16.0.1 (SPSS, Inc., Chicago, IL), JMP 157 

Pro 14 (SAS Institute, Cary, NC) and Unscrambler X 10.5 (CAMO Software, Oslo, 158 

Norway). The one-way analysis of variance (ANOVA) and independent t-test were 159 

performed to compare the differences in PAs in different cultivars and growth locations. 160 

Partial Least Squares Discriminant Analysis (PLS-DA) was used to explain the PA profiles 161 

among the three cultivars (all samples, n=48), and differences between the growth locations 162 

within each cultivar samples (n=16). Principal Component Analysis (PCA) was used to 163 

investigate the correlations between PA profiles and meteorological data variables. The 164 

correlations between specific meteorological variables and PA contents were carried out 165 

by bivariate correlation analysis. 166 

Results and Discussion 167 

Purification of Proanthocyanidins by Column Chromatography. The crude extract 168 

and elution fractions (Fraction I, Fraction II, and Fraction III) were analyzed by UHPLC-169 
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DAD. The chromatograms of crude extract and Fraction III are presented in 170 

Supplementary Figure 1. The non-tannin substances were mainly eluted in Fraction I and 171 

Fraction II. Fraction I contained primarily low-molecular weight phenolic compounds, 172 

carbohydrates and anthocyanins, and Fraction II consisted of mainly partially acylated 173 

anthocyanins, flavonols and their glycosides. Practically all PAs were recovered in Fraction 174 

III with hardly any traces of PAs detected in other fractions. This is confirmed by the UV 175 

absorption spectra, which showed absorption maxima around 280 nm, and no absorption 176 

maxima were shown in wavelength exceeding 300 nm. 177 

Identification of Proanthocyanidins. The PA fractions (Fraction III) were further 178 

analyzed by HILIC–ESI–MS. The total ion spectra within 15.40 min (from 3.80 to 19.20 179 

min, based on the UV absorption spectra) in full-scan spectra were used to recognize the 180 

PA oligomers (Figure 1). The composition of PA oligomers in blackcurrant extract is 181 

summarized in Table 1. The [M – H]− ions of PAs with DP from 2 to 5 and  [M – 2H]2– 182 

ions of PAs with DP 7 were detected by comparing the corresponding exact molecular 183 

weight of PAs. All the 17 PA oligomers belonged to B-type PAs with (epi)catechin and/or 184 

(epi)gallocatechin as the subunits. No A-type PAs were detected. Three dimers (Dim-1, 185 

m/z 577.61; Dim-2, m/z 593.62; Dim-3, m/z 609.71), four trimers (Tri-1, m/z 865.48; Tri-186 

2, m/z 881.51; Tri-3, m/z 897.63; Tri-4, m/z 913.72), five tetramers (Tet-1, m/z 1153.83; 187 

Tet-2, m/z 1170.07; Tet-3, m/z 1186.19; Tet-4, m/z 1202.26; Tet-5, m/z 1217.75) and two 188 

pentamers (m/z 1522 and 1505)  were presented as single-charged molecular ions. Three 189 

heptamers (m/z 1049, 1057 and 1065) were found as double-charged molecular ions. It is 190 

worth noting that only two pentamers were detected with low intensity in single-charged 191 
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ions, and no hexamers or PAs with DP value above 7 were detected in either single-charged 192 

or double-charged molecular ions. 193 

Content and Composition of Proanthocyanidins. The contents of PA dimers (Dim-1, 194 

Dim-2 and Dim-3), trimers (Tri-1, Tri-2, Tri-3 and Tri-4) and tetramers (Tet-1, Tet-2, Tet-195 

3, Tet-4 and Tet-5) were determined by HILIC–ESI–MS-SIR analysis, and the total content 196 

of PAs was obtained by BL-DMAC analysis based on colorimetric method. The sum of 197 

dimers, trimers and tetramers was considered as the total content PA oligomers, which is 198 

summarized in Table 2 according to cultivars and growth locations. Among all the samples, 199 

the content of total PAs, dimers, trimers and tetramers were in the range of 700-2078, 0.10-200 

0.36, 0.11-0.55, 0.05-0.29 mg/100g (DW), respectively. The oligomers quantified in this 201 

study accounted only for a small portion (0.02-0.02 %) of the total PAs.  Dim-3, Tri-3, Tri-202 

4, Tet-4, Tri-4 and Tet-5 dominated by (epi)gallocatechin presented a high portion in the 203 

contents of PA oligomers. 204 

Comparison among Cultivars. The content and composition of PAs were compared 205 

between the cultivars ‘Mortti’, ‘Ola’ and ‘Melalahti’. As shown in Table 2, ‘Ola’ had the 206 

highest contents of almost all PAs compared to the other two cultivars (p < 0.05). The 207 

contents in ‘Mortti’ and ‘Melalahti’ were quite similar. Dim-3 and Tet-1 were found higher 208 

in ‘Melalahti’, while the contents of Tri-1 and Tri-2 were higher in ‘Mortti’ (p < 0.05). A 209 

PLS-DA model was created to explain the variation of PA components between the three 210 

cultivars (Figure 2A). The cultivars were only partially separated, mainly due to the 211 

overlapping ‘Mortti’ and ‘Ola’ (with two factors, R2 = 0.59, Q2 = 0.53). The first factor 212 

sorted out ‘Ola’, which was located on the right of the scores plot due to the higher content 213 

of PAs compared to the other cultivars. ‘Melalahti’ was well separated from both ‘Mortti’ 214 
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and ‘Ola’ along both factor 1 and factor 2 (Q2 value around 0.7), whereas ‘Mortti’ and ‘Ola’ 215 

were only partially separated (Q2 value around or below 0.5). Analogous results were 216 

described in previous studies on phenolic and volatile compounds in the same cultivars.33,35 217 

‘Mortti’ (‘Wellington XXX’ × ‘Öjebyn’) and ‘Ola’ (‘Wellington XXX’ × ‘Lepaan musta’) 218 

share the same genetic background from ‘Wellington XXX’, which may explain the 219 

common compositional characteristics. 220 

Comparison between Samples from South and North. The three black currant 221 

cultivars separately farmed in the southern (60°23′ N, 22°33′ E) and northern (66°34′ N, 222 

26°01′ E) Finland were used to study the effects of latitude on the PA profiles. An 223 

independent t-test was performed to determine any significant differences between the 224 

southern and northern samples within each cultivar. As shown in Table 2, significant 225 

differences were found in all of the three cultivars in the north-south comparison. The 226 

content of total PAs was about 1.5 fold higher in ‘Ola’ and ‘Melalahti’ berries from north 227 

(p < 0.05), while no significant difference was observed in ‘Mortti’. Most of the PA 228 

oligomers accumulated more in ‘Mortti’ and ‘Melalahti’ in southern Finland (p < 0.05), 229 

but less in ‘Melalahti’ in south (p < 0.05). 230 

A PLS-DA model was created to discriminate the samples cultivated at the two different 231 

latitudes (Y-data, n = 2) using the PA content variables (X-data, n = 17) (Supplementary 232 

Figure 2). Overall, the three cultivars from different locations were not fully separated 233 

along Factors -1 or 2 (three factors, R2 0.65, Q2 0.53). The PA content variables located on 234 

the upper left corner in the correlation loadings plot corresponded mainly with the northern 235 

‘Ola’ samples with high contents of PAs. Influence of the genetic background of the 236 

cultivars was stronger than the impact of growth location, resulting in poor separation in 237 



12 
 

the PLS-DA model within all the cultivars. Based on this, independent PLS-DA models 238 

were established within individual cultivars (Figure 2B, 2C and 2D). In these models the 239 

northern and southern samples were completely separated within each cultivar according 240 

to the PA profiles. In ‘Mortti’, the southern berries located mainly on the right of the scores 241 

plot along Factor-1 (with two factors; Q2 0.84), were characterized by higher levels of all 242 

PAs excluding total PAs and Tet-5, which were close to the central axis (Figure 2B). 243 

However, the opposite situation occurred in ‘Ola’ (with two factors; Q2 0.78), where the 244 

northern samples mainly located on the right of the plot containing higher levels of PAs 245 

(excluding Tet-1 and Tri-2) (Figure 2C). ‘Melalahti’ samples cultivated at different 246 

locations were greatly separated along Factor-1 with one validated factor (Q2 0.91). The 247 

northern and southern berries were characterized by high levels of total PAs and PA 248 

oligomers, respectively (Figure 2D). 249 

The impact of latitude on the flavonoid contents has been well summarized in a variety 250 

of plants.21 Content of anthocyanins in bilberry (Vaccinium myrtillus), bog bilberry 251 

(Vaccinium uliginosum) and pomegranate (Punica granatum)39-42, flavonol glycosides in 252 

sea buckthorn (Hippophaë rhamnoides ssp. mongolica) and bog bilberriy39,43, phenolic  253 

compounds in juniper needles (Juniperus communis) 24 and total PAs in sea buckthorn (ssp. 254 

rhamnoides) 25  were found to be higher in samples from higher latitude. These results were 255 

consistent with current results concerning the total PAs and oligomeric PAs in ‘Ola’, and 256 

the total PAs in ‘Melalahti’. However, in our previous studies with the same cultivars of 257 

blackcurrant, all the cultivars grown at higher latitude (northern Finland) had lower 258 

contents of total flavonols, total anthocyanins, and total phenolic compounds.35  In the 259 

current study, low levels of oligomeric PAs were also found in ‘Mortti’ and ‘Melalahti’ 260 
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cultivated at higher latitude. Similar results were obtained for the contents of PA oligomer 261 

in sea buckthorn of varieties ‘Terhi’ and ‘Tytti’ cultivated in southern and northern 262 

Finland.20 Flavonols, anthocyanins and PAs share the same upstream pathways in 263 

flavonoid biosynthesis using the same key enzymes for coordinated expression, hence, it 264 

might be speculated that these compounds may be influenced by growth latitude in a 265 

similar manner. Unlike these flavonoids, high latitude has been shown to promote 266 

accumulation of volatiles, malic acid, quinic acid, and vitamin C in blackcurrants.33,36 It is 267 

worth to notice that the studies described above were all based on the northern hemisphere, 268 

especially in the Nordic countries. 269 

Effects of Weather Conditions on PA Composition. The results of the previous section 270 

indicated that the accumulation of PAs was affected by the growth locations. The distance 271 

between the two growth locations in southern and northern Finland is around 700 km with 272 

latitude difference between 60°N in the south and 66°N in the north, which will cause 273 

changes in weather conditions. To further explain the correlation between PAs profiles and 274 

weather conditions, selected meteorological parameters (related to the parameters of 275 

temperature, radiation, precipitation and humidity) were recorded (Supplementary Table 276 

2) and used for multivariate analysis. 277 

PCA models were created to investigate correlations between the PA contents (n=17) of 278 

cultivars (n=24×2) and the meteorological variables (n=95). In the loadings plots, variables 279 

closed to each other and located between the ellipses were considered as having a positive 280 

correlation, while those located distant from each other were considered as being 281 

negatively correlated. In PCA models including all three cultivars (not shown), all the PA 282 

variables were located around ‘Ola’ indicating positive correlations. However, they did not 283 
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correlate well with the weather variables. The situation was similar to the results in latitude 284 

comparison due to the high content of PAs in ‘Ola’, again indicating the decisive role of 285 

the genetic background in PAs accumulation in the berries. 286 

In order to exclude the influence of the genetic background, separated PCA models 287 

(temperature, n=39; radiation, n=12; precipitation, n=12 and humidity, n=32) were created 288 

for individual cultivars (Figure 3A, 3B and 3C). In the model of ‘Mortti’ (Figure 3A), all 289 

PA variables were grouped around the meteorological variables of southern Finland with 290 

positive correlations, but comparing with PA oligomers, total PAs were closer to central 291 

axis with lower correlation. In the loadings plots, the variables of temperature near 2017 292 

(MaxiTJul, TJul, MaxiTApr and SUMTgs) associated positively with all PA variables 293 

along PC-2. PA dimers located close to most radiation variables on the lower side of the 294 

plot on the PC-2, whereas total PAs and other PA oligomers were on the opposite side of 295 

the component close to Radiation in growth season (SUMRMay and SUMRJun). Most PA 296 

variables showed positive correlation with precipitation in the last week before harvest 297 

(PreW) and humidity in June (HuJun) along the first component (50% and 45%), but 298 

correlated negatively with precipitation and days of medium humidity (DHu30to40gh and 299 

DHu40to50gh) during the period from May to July. In the models of ‘Ola’ (Figure 3B), 300 

almost all PA variables (except Tet-1) associated positively with the meteorological 301 

variables near 2017, which were characterized by low temperature, low radiation, low 302 

precipitation, and medium humidity. Tet-1, again, located at the central axis along both 303 

PC-1 and PC-2 with lower correlations with the weather variables studied. In the loadings 304 

plot of radiation, total PAs, Tet-5 and Tri-1 located on the lower side of the plot along PC-305 

2 and showed less dependence on the radiation variables. In the PCA model of ‘Melalahti’ 306 
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are shown in Figure 3C. The most PA oligomers located on the right side of the plots and 307 

associated positively with the southern meteorological variables, which were characterized 308 

by high temperature, high radiation, precipitation in February and before harvest and 309 

medium humidity. However, the total PAs located on the opposite side of the plots along 310 

PC-1, and correlated negatively with the previous meteorological variables. 311 

Overall, PAs in the three cultivars showed different responses to the weather conditions, 312 

due to the difference in genetic backgrounds. Most PAs in ‘Mortti’ showed a positive 313 

correlation with meteorological variables in southern Finland, while PA variables in ‘Ola’ 314 

were negatively correlated with them. In ‘Melalahti’, total PAs and PA oligomers were 315 

positively correlated with the meteorological variables in northern and southern Finland, 316 

respectively. 317 

In order to understand the common correlation between PAs and weather variables in all 318 

the cultivars (n=24×2) and meteorological variables (n=95), bivariate correlation analysis 319 

was applied (Supplementary Table 4). The total PAs and Tet-2 showed negative 320 

correlation with most of the meteorological variables, especially with temperature and 321 

radiation-related variables, while Dim-1 showed positive correlation. Most of the PA 322 

oligomeric variables correlated positively to humidity during last week before harvest 323 

(Huweek) and negatively to radiation sum during growth season until harvest (ΣTgh) 324 

(significant at the 0.01 or 0.05 level). Dim-3 showed no correlation with any 325 

meteorological variables. The remaining PA variables were related to specific 326 

meteorological variables. It is worth noting that PA oligomers related only to a few 327 

meteorological variables compared to total PAs. 328 
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Among the 95 meteorological variables, twelve meteorological variables, (HDgh, 329 

ΣTMon, TMon, MaxTmon, TAug, TSep, PreFeb, PreMar, ΣRJan,ΣRSep, ΣRMon and 330 

DHu30to40gh) were selected to further verify the correlation with total PAs using 331 

modeling types determine analysis (Figure 4). In correlation analysis, almost all points 332 

were within the 0.95 bivariate normal ellipse (Green lines), and the two variables were 333 

significantly correlated at a 95% confidence level. Number of hot days during the growth 334 

season (HDgh), high temperature of the last month before harvest (ΣTMon, TMon and 335 

MaxTmon), temperature in last two months before harvest (TAug, TSep), radiation sum of 336 

January, September, and the last month before harvest (ΣRJan, ΣRSep and ΣRMon), and 337 

precipitation in February showed significant negative correlations with the content of total 338 

PAs (R2 from 0.185 to 0.336, p < 0.01). However, the total content of PAs showed a 339 

positive correlation with PreMar and DHu30to40gh (R2 0.182 and 0.221, respectively, p < 340 

0.01). 341 

Typically, environmental factors such as weather and soil conditions influence 342 

production of the secondary metabolites in plants. As a part of the plant defense mechanism, 343 

secondary metabolites are self-regulated against environmental stress such as low 344 

temperature and drought. Plants have a higher photosynthetic rate at lower temperatures to 345 

provide more carbon sources for synthesizing secondary metabolites.44 Moreover, some 346 

key enzymes of flavonoids biosynthesis such as PAL (phenylalanine ammonia lyase), C4H 347 

(cinnamate 4-hydroxylase), CHS (chalcone synthase) and FLS (flavonol synthase), of 348 

which gene expression was increased in a variety of plants under low temperature stress.45-349 

47 This can partly explain the negative correlation between total PAs content and 350 

temperature in the current study. Light conditions at high latitudes are characterized by 351 
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high level of UV radiation, long day-time but low total solar irradiance. Yang et al. have 352 

reported that the major phenolic compounds of three currant cultivars correlate negatively 353 

with high radiation,48 which is in agreement with the results in the current study. 354 

Furthermore, also long photoperiod has been shown to promote the accumulation of 355 

anthocyanins and flavonols in blackcurrants.49 Generally, plants exposed to high UV 356 

radiation, especially to UV-B, are susceptible to DNA damages. One of the protective 357 

mechanisms is to synthesize UV-absorbing pigments such as flavonoids in the vacuoles of 358 

the epidermal cell layers to minimize penetration of UV-B to the deeper photosynthetically 359 

active cell layers.50 Research on the effects of precipitation and humidity on metabolites in 360 

currants has been limited. In previous studies of our group, the contents of sugars and acids 361 

were negatively associated with low humidity variables in blackcurrant. Vitamin C and p-362 

coumaroylquinic acid, again, were positively correlated with these variables.36,48 Lower 363 

contents of anthocyanins in ‘Red Dutch’ as well as flavonol glycosides and 364 

hydroxycinnamic acid conjugates in ‘White Dutch’ were associated with Precipitation in 365 

March.35 High humidity variables around harvest appeared to be positively related to 366 

volatile substances in blackcurrant.33 In the current study, total PAs showed positive 367 

correlation with precipitation in March, lower humidity during the growth season 368 

(DHu30to40gh and DHu40to50gh). The correlation of metabolite in currants with 369 

precipitation and humidity variables is less significant compared to their association with 370 

temperature and radiation. 371 

As a summary, seventeen PA oligomers values of DP 2 -5 and 7 were detected in 372 

blackcurrants of three Finnish commercial cultivars ‘Mortti’, ‘Ola’ and ‘Melalahti’, which 373 

belonged to B-type PAs with (epi)catechin and/or (epi)gallocatechin as subunits, and no 374 
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A-type PAs was detected. PA dimers, trimers, tetramers and the total PA were quantified 375 

and calculated as procyanidin B2 equivalent. Genetic background and growth environment 376 

influenced the PA content and composition in blackcurrants. Among the three cultivars, 377 

‘Ola’ had the highest contents of both total PA and PA oligomers. The content of total PAs 378 

of ‘Ola’ and ‘Melalahti’ correlated positively to latitude, while no significant correlation 379 

was observed in ‘Mortti’. ‘Mortti’ and ‘Melalahti’ cultivated at lower latitude had higher 380 

levels of PA oligomers, but ‘Melalahti’ from southern Finland contained less. Although 381 

the genetic background determined that the three cultivars showed different response to 382 

weather conditions, total PAs correlated negatively with high temperature and radiation. 383 

Most PA oligomers showed correlation with specific variables. 384 
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Figure captions 545 

Figure 1. Total ion spectrum of purified PAs fraction (Fraction III) within 15.40 min 546 

operated by HILIC-ESI-MS.  547 

Figure 2. PLS-DA models for (A) all the three cultivars (n = 24 × 2) classified according 548 

to cultivars (‘Melalahti’, green triangles; ‘Ola’, red circles; and ‘Mortti’ blue squares); (B) 549 

‘Mortti’ (n = 8 × 2), (C) ‘Ola’ (n = 8 × 2) and (D) ‘Melalahti’ (n = 8 × 2) classified 550 

according to growth latitude (‘Mortti’, squares; ‘Ola’, circles; ‘Melalahti’, triangles; North 551 

samples, Violet icons; South samples, Brown icons) with the PA contents (variables; n = 552 

17). Abbreviations of the compounds refer to Table 1. 553 

Figure 3. PCA plots of the correlations between weather conditions and combined PA 554 

contents in (A) ‘Mortti’, (B) ‘Ola’ and (C) ‘Melalahti’. Abbreviations of the compounds 555 

refer to Table 1 and the meteorological parameters refer to Supplementary Table 2. 556 

Figure 4. The correlation between twelve meteorological variables (HDgh, ΣTMon, TMon, 557 

MaxTmon, TAug, TSep, PreFeb, PreMar, ΣRJan, ΣRSep, ΣRMon and DHu30to40gh) and 558 

the contents of total PAs. Abbreviations of the meteorological parameters refer to 559 

Supplementary Table 2. 560 

  561 
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Table 1. The composition of PA oligomers in blackcurrant extract obtained by HILIC-562 

ESI.  563 

DP a Abbr. Molecular formula 
Number of subunits b 

Exact mass 
Detected mass 

(E)C (E)GC [M-H]- [M-2H]2- 

2 Dim-1 C30H26O12 2 0 578.14 577.61  

2 Dim-2 C30H26O13 1 1 594.14 593.62  

2 Dim-3 C30H26O14 0 2 610.13 609.71  

3 Tri-1 C45H38O18 3 0 866.21 865.48  

3 Tri-2 C45H38O19 2 1 882.20 881.51  

3 Tri-3 C45H38O20 1 2 898.20 897.63  

3 Tri-4 C45H38O21 0 3 914.19 913.72  

4 Tet-1 C60H50O24 4 0 1154.27 1153.83  

4 Tet-2 C60H50O25 3 1 1170.26 1170.07  

4 Tet-3 C60H50O26 2 2 1186.25 1186.19  

4 Tet-4 C60H50O27 1 3 1202.25 1202.26  

4 Tet-5 C60H50O28 0 4 1218.25 1217.75  

5  C75H62O34 1 4 1505.31 1505.29  

5  C75H62O35 0 5 1522.31 1522.41  

7  C105H86O47 2 5 2098.43  1049.41 

7  C105H86O48 1 6 2114.43  1057.09 

7  C105H86O49 0 7 2130.42  1065.33 

aDP=degree of polymerization; b (E)C=(epi)catechin, (E)GC=(epi)gallocatechin. 564 
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Table 2. Proanthocyanidin contents in blackcurrant (mean ± standard deviation, mg/100 g DW). 565 

Samples Dim-1 Dim2 Dim-3 Tri-1 Tri-2 Tri-3 Tri-4 Tet-1 Tet-2 Tet-3 Tet-4 Tet-5 Dimers 
Trimer

s 

Tetram

ers 

PA 

oligom
ers* 

Total  PAs 

Comparison of cultivars               

Mortti 

(n=8×2) 

0.01±0.

00a 

0.03±0

.01a 

0.12±0

.04a 

0.02±0

.01b 

0.05±0

.02b 

0.09±0

.03a 

0.09±0

.02a 

0.005±

0.00b 

0.01±0

.01a 

0.02±0

.00a 

0.03±0

.01a 

0.04±0

.01a 

0.16±0

.05a 

0.25±0

.07a 

0.11±0

.03a 

0.52±0

.14a 

1173.34±2

58.6a 

Ola 
(n=16) 

0.02±0.
01b 

0.04±0
.01b 

0.21±0
.05c 

0.03±0
.01c 

0.06±0
.02b 

0.16±0
.05b 

0.16±0
.04c 

0.006±
0.00b 

0.03±0
.01b 

0.05±0
.01b 

0.06±0
.02b 

0.06±0
.02b 

0.27±0
.06b 

0.42±0
.1b 

0.21±0
.05b 

0.89±0
.20b 

1465.05±3
72.17b 

Melalahti 

(n=8×2) 

0.01±0.

01a 

0.02±0

.01a 

0.15±0

.04b 

0.01±0

.01a 

0.03±0

.01a 

0.07±0

.02a 

0.12±0

.05b 

0.002±

0.00a 

0.02±0

.02a 

0.02±0

.02a 

0.04±0

.02a 

0.04±0

.01a 

0.19±0

.05a 

0.23±0

.08a 

0.11±0

.04a 

0.53±0

.15a 

1072.24±2

88.32a 

Comparison of cultivar ‘Mortti’               

South 

(n=5×2) 

0.01±0.

00b 

0.03±0

.01b 

0.14±0

.03b 

0.02±0

.01 

0.06±0

.02 

0.1±0.

02b 

0.1±0.

02b 

0.01±0.

00b 

0.02±0

.01b 

0.02±0

.00b 

0.04±0

.01b 

0.04±0

.01 

0.19±0

.03b 

0.28±0

.06b 

0.12±0

.03b 

0.60±0

.10b 

1183.51±3

20.92 

North 
(n=3×2) 

0.01±0.
00a 

0.02±0
a 

0.09±0
.01a 

0.01±0
.00 

0.04±0
.02 

0.07±0
.02a 

0.07±0
.01a 

0.005±
0.00a 

0.01±0
.00a 

0.02±0
.00a 

0.02±0
.00a 

0.03±0
.02 

0.11±0
.01a 

0.19±0
.05a 

0.09±0
.02a 

0.39±0
.08a 

1156.37±1
21.20 

Comparison of cultivar ‘Ola’               

South 

(n=5×2) 

0.02±0.

01 

0.04±0

.01 

0.19±0

.04a 

0.02±0

.00a 

0.06±0

.02 

0.14±0

.04a 

0.15±0

.04 

0.01±0.

00 

0.02±0

.01a 

0.04±0

.01a 

0.05±0

.02a 

0.05±0

.01a 

0.25±0

.06a 

0.38±0

.09 

0.17±0

.04a 

0.80±0

.17a 

1215.49±1

54.92a 
North 

(n=3×2) 

0.02±0.

00 

0.05±0

.01 

0.25±0

.02b 

0.03±0

.01b 

0.06±0

.03 

0.2±0.

03b 

0.18±0

.05 

0.01±0.

00 

0.03±0

.01b 

0.06±0

.01b 

0.08±0

.02b 

0.08±0

.01b 

0.31±0

.03b 

0.47±0

.10 

0.26±0

.03b 

1.05±0

.15b 

1880.99±2

00.37b 

Comparison of cultivar ‘Melalahti’               

South 
(n=5×2) 

0.02±0.
00b 

0.03±0
.00b 

0.18±0
.04b 

0.01±0
.01b 

0.04±0
.00b 

0.08±0
.01b 

0.15±0
.04b 

0.002±
0.00b 

0.01±0
.00 

0.03±0
.02b 

0.04±0
.02b 

0.04±0
.01b 

0.22±0
.04b 

0.29±0
.02b 

0.13±0
.04b 

0.64±0
.04b 

912.14±75.
01a 

North 

(n=3×2) 

0.004±

0.00a 

0.01±0

.00a 

0.11±0

.01a 

0.01±0

.00a 

0.02±0

.01a 

0.04±0

.01a 

0.07±0

.01a 

0.001±

0.00a 

0.03±0

.03 

0.01±0

a 

0.02±0

a 

0.03±0

.01a 

0.13±0

.01a 

0.14±0

.02a 

0.09±0

.03a 

0.35±0

.05a 

1339.09±3

20.23b 

Significant differences (p < 0.05) are marked as a, b; *PA oligomers are sums of Dimers, Trimers and Tetramers.566 
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