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Abstract: 11 

Studies regarding composition and evolution of oligomeric proanthocyanidin–anthocyanin adducts 12 

in red wines have often focused only on a limited number of small dimers. Here, a group-specific 13 

liquid chromatography–tandem mass spectrometry method was utilized to measure two-14 

dimensional (2D) chromatographic fingerprints of three different types of oligomeric adducts in 15 

commercial red wines. A new protocol was developed to visualize and summarize the 16 

chromatographic data. The 2D fingerprints showed how the compositions of the oligomeric adducts 17 

had typically only minor differences between wine varieties in young wines, excluding the Pinot 18 

Noir wines. Major quantitative differences were found between the wine varieties despite the lack 19 

of major compositional differences. The evolution of the concentrations differed between the three 20 

structural sub-groups, while similar general patterns were observed in the compositional evolution. 21 

Via statistical modelling, several characteristics in the polyphenolic starting material composition 22 

were tentatively suggested to affect the formation of the oligomeric adducts. 23 

Keywords:  24 
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1. Introduction 27 

Pigment-wise, red wines are complex polyphenolic mixtures. Anthocyanins, which are pigments 28 

extracted to wine from grape skins, are still relatively few in number in red wines (He et al., 2012) 29 

but during wine making and aging the complexity of the overall pigment composition increases 30 

rapidly. The anthocyanins react with other wine components to yield pyranoanthocyanins, pinotins 31 

and other first generation adducts (de Freitas & Mateus, 2011; He et al., 2012). Some of the first 32 

generation adducts can react to form second generation adducts, such as portisins and oxovitisins 33 

(He, Oliveira, Silva, Mateus & de Freitas, 2010; Mateus, Oliveira, Santos-Buelga, Silva & de 34 

Freitas, 2004), which further increase the complexity of the pigment composition. Yet, in 35 

comprehensive screening studies dozens of individual anthocyanins and monomeric anthocyanin 36 

adducts can be readily and efficiently detected and characterized with liquid chromatography–mass 37 

spectrometry (LC–MS; Alberts, Stander & de Villiers, 2012; Alcalde-Eon, Escribano-Bailón, 38 

Santos-Buelga & Rivas-Gonzalo, 2006; Blanco-Vega, Gómez-Alonso & Hermosín-Gutiérrez, 2014; 39 

Boido, Alcalde-Eon, Carraus, Dellacassa & Rivas-Gonzalo, 2006; Willemse, Stander, Vestner, 40 

Tredoux & de Villiers, 2015). The analytical issues and the true complexity are caused by the 41 

oligomeric and polymeric adducts consisting of proanthocyanidins (PA) and anthocyanins. 42 

Malvidin glycosides (Mv) are the most common anthocyanins in red wines (He et al., 2012) and the 43 

PAs and malvidin glycosides can be combined in different ways to form oligomeric adducts. For 44 

instance, the malvidin unit can be the terminal unit (PA–Mv+), first extension unit with the terminal 45 

unit being a flavan-3-ol monomer (FL; PA–Mv–FL) or the PA and malvidin units can be linked via 46 

a methylmethine bridge (PA–methylmethine–Mv+; Fig. S1; Somers, 1971; Timberlake & Bridle, 47 

1976; Zeng, Teissedre, & Jourdes, 2016). 48 

 Just like the monomeric anthocyanin adducts, small dimers of the oligomeric adducts can be 49 

detected and quantified efficiently and specifically with non-targeted or compound-specific LC–MS 50 

and LC–MS/MS methods (Alberts et al., 2012; Alcalde-Eon et al., 2006; Blanco-Vega et al., 2014; 51 

Boido et al., 2006; Willemse et al., 2015). In these studies, only the most abundant dimers have 52 
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been detected and larger oligomers have completely eluded themselves from the analytical methods. 53 

Some methods, such as the high-performance gel permeation chromatography method of Kennedy 54 

and Taylor (2003), or the combination of SO2-bleaching and BSA precipitation by Harbertson, 55 

Picciotto & Adams (2003), enable the detection and semi-quantification of larger colored 56 

oligomeric adducts. However, the different structural sub-groups cannot be detected separately. 57 

Therefore, when oligomeric and polymeric pigments are discussed in studies utilizing these 58 

methods, they are often referred to as polymeric pigments rather than specifying the pigment groups 59 

more precisely (Bindon, Kassara, Hayasaka, Schulkin & Smith, 2014; Casassa, Huff & Steele, 60 

2019). 61 

 Recently, a group-specific ultra-performance liquid chromatography–tandem mass 62 

spectrometry (UPLC–MS/MS) method was published, which utilizes multiple reaction monitoring 63 

(MRM) in the detection and semi-quantification of anthocyanins and anthocyanin adducts in red 64 

wine (Laitila, Suvanto & Salminen, 2019). In addition to many monomeric pigment groups, the 65 

method can detect oligomeric PA–Mv+, PA–methylmethine–Mv+ and PA–Mv–FL type adducts 66 

separately (Fig. S1). By the nomenclature proposed by Laitila et al., the method detects small 67 

oligomeric adducts (SOAs), medium-sized oligomeric adducts (MOAs) and large oligomeric 68 

adducts (LOAs) separately. Importantly, the typically detected small dimers comprised a smaller 69 

part of the total responses compared to the larger oligomers (Laitila et al., 2019). Therefore, the 70 

method provides more comprehensive picture of the composition of the oligomeric adducts than 71 

other methods, which only detect individual small dimers. Moreover, information about the initial 72 

composition is retained in the form of two dimensional (2D) chromatographic fingerprints, which 73 

enables comparison of the compositions between wines made of different grape varieties, for 74 

instance.  75 

 Here, the group-specific MRM method was utilized to study how the concentrations and 76 

average sizes of the oligomeric adducts differed in commercial red wines. The 2D chromatographic 77 

fingerprints were visually inspected to find out whether they would reveal completely new aspects 78 
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about red wines and their polyphenolic composition. To this end, a new protocol was developed to 79 

form quantile 2D chromatographic fingerprints to visualize and summarize the vast 80 

chromatographic data from multiple samples simultaneously. The red wines were studied in two 81 

phases. First (i) by concentrating only on the young wines to study the differences in wine varieties, 82 

and then (ii) by studying the evolution of the oligomeric compound groups by focusing on wines 83 

over a wider age range. Finally, several factors related to the polyphenolic starting material 84 

composition of the oligomeric adducts were analyzed from the 1-year-old wines to find out which 85 

factors contribute the most to the formation of the oligomeric adducts. The commercial red wines 86 

utilized in this study were part of a bigger wine set consisting of 317 red wines and the whole wine 87 

set was previously utilized to establish general connections between the pigment composition and 88 

color intensity of red wines (Laitila & Salminen, 2020). In the present paper, several sub-sets of the 89 

whole wine set (Tables S1–S3) were utilized to answer the questions above. 90 

2. Materials and methods 91 

2.1. Chemicals and red wines 92 

 The monomeric flavan-3-ols, i.e., (+)-Catechin, (−)-epicatechin,  (−)-gallocatechin and 93 

(−)-epigallocatechin, were purchased from Extrasynthese (Lyon, France). Alko Inc., a finish 94 

national alcoholic beverage retailing company, provided part of the whole red wine set (n=272) and 95 

some were collected by the Natural Chemistry Research Group of University of Turku (n=45). In 96 

this paper, specific sub-sets of the whole wine set were utilized (Tables S1–S3). All wines were 97 

commercial red wines and aliquots of the wines were stored in Eppendorf tubes at –80 °C prior to 98 

the analyzes. 99 

2.2 Quantitative and semi-quantitative analyzes 100 

Concentrations of the malvidin glycosides and the oligomeric PA–Mv+, PA–Mv–FL and PA–101 

methylmethine–Mv+ adducts were semi-quantified with the UPLC–MS/MS method of Laitila et al. 102 

(2019) as described by Laitila and Salminen (2020). The UPLC–MS/MS system consisted of a 103 

Waters Acquity UPLC system and of a Xevo triple quadrupole mass spectrometer. Shortly, the 104 
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compound groups were detected with the quantitative transitions of the group-specific MRM 105 

methods. The chromatogram areas were transformed to proportional concentrations with calibration 106 

curves, which were prepared from a dilution series of a single reference wine, a JP Chenet Merlot 107 

2015. In other words, the concentrations were reported as percentage values compared to the 108 

reference wine and a concentration of 70%, for instance, meant that the concentration was 70% of 109 

the concentration in the reference wine. This approach was utilized solely to take into account non-110 

linear responses in some of the compound groups (Laitila et al., 2019). Total concentrations of the 111 

oligomeric adducts were calculated from the summed total chromatogram areas of the SOAs, 112 

MOAs and LOAs and the corresponding SOA-%, MOA-% and LOA-% were defined and 113 

calculated as the proportions of different-sized adducts of the total summed chromatogram area. All 114 

instrumentational and methodological details and analytical conditions are described in detail in 115 

Laitila et al. (2019) and Laitila and Salminen (2020). 116 

 PA concentrations and mean degree of polymerization (mDP) of the PAs were acquired with 117 

the Engström method (Engström, Pälijärvi, Fryganas, Grabber, Mueller-Harvey & Salminen, 2014) 118 

as described by e.g., Malisch et al. (2015). Exceptions were that the procyanidin (PC) and 119 

prodelphinidin (PD) sub-units were detected using three different cone voltages, which were 75 V, 120 

85 V and 140 V for the PCs, and 55 V, 80 V and 130 V for the PDs, and that the gradient was the 121 

same as utilized by Laitila et al. (2019). The UPLC–MS/MS system, eluent gradients and other 122 

analytical conditions were the same as utilized in quantifying the oligomeric adducts. The PC and 123 

PD units were quantified separately with calibration curves in the range of 0.1875–1.50 mg×mL-1 124 

and 0.25–2.00 mg×mL-1
, respectively and the calibration was achieved by using two PA mixtures 125 

with known PC and PD contents. The calibration curve for the mDP was similarly obtained by 126 

using six different Sephadex LH-20 fractions with known PC, PD and mDP contents. The Engström 127 

method contains an optimized selected reaction monitoring channel for the detection of monomeric 128 

flavan-3-ols (Engström et al., 2014), and this channel was used to detect the monomers. (+)-129 

catechin, (–)-epicatechin, (+)-gallocatechin and (–)-epigallocatechin were quantified compound 130 
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specifically using the corresponding standards. A stock solution of catechin (1 µg mL-1) was used as 131 

an external standard to monitor the quantitative performance of the instrument and five replicate 132 

analyzes were performed after every 10 samples or approximately once in every two hours with a 133 

catechin specific selected reaction monitoring method.  134 

2.3. Formation of the two-dimensional quantile fingerprints 135 

Comparison of the qualitative adduct composition was done by calculating 2D quantile fingerprints 136 

from multiple individual 2D fingerprints (Fig. 1). To compare the compositions of the oligomeric 137 

adducts in the young wines (1–2 years old wines), ten red wines were randomly sampled from 138 

young Merlot, Cabernet Sauvignon and Shiraz wines and from the Pinot Noir wines of the Pfalz 139 

region in Germany. The Touriga Nacional and Pinot Noir wines from the Beaune region in France 140 

had only eight samples, which were all used to calculate the quantile 2D fingerprints. Fifteen red 141 

wines were randomly sampled from the 1-year-old and 3-year-old Shiraz, Cabernet Sauvignon and 142 

Merlot wines to present the evolutionary patterns of the adduct composition. All 15 4–6 years old 143 

Shiraz, Cabernet Sauvignon and Shiraz wines were used.  144 

Briefly, median 2D fingerprints of the oligomeric adducts and 10th and 90th percentiles were 145 

calculated to visualize and summarize the adduct composition and their variations within various 146 

groups (Fig. 3, 5). Shortly, the SOA, MOA and LOA fingerprints were summed to form a single 147 

total fingerprint and the total fingerprints were scaled to the highest intensity. Then, multiple total 148 

fingerprints were aligned with a parametric time warping algorithm (Bloemberg et al., 2010; Eilers, 149 

2004) and the quantile 2D fingerprints were calculated from multiple aligned total fingerprints. The 150 

workflow is visually demonstrated in Figure 1.  151 

In detail, raw chromatograms were first smoothed in MassLynx software (version 4.2, 152 

Waters Corporation) and then extracted in a list format. Mean smoothing algorithm was applied 153 

twice with the smoothing width of four scans for the PA–methylmethine–Mv+ and PA–Mv–FL 154 

adducts and four times with the same width for the PA–Mv+ adducts and malvidin glycosides. 155 

Summation of the SOA, MOA and LOA fingerprints and calculation of the quantile fingerprints 156 



8 

 

were done in Microsoft Excel 2016. Chromatogram alignment was done with R package “ptw” 157 

(Bloemberg et al., 2010; Eilers, 2004). Best reference chromatogram in each group (wine type or 158 

and age group) was first selected using the bestref-function using weighted cross-correlation 159 

criterion without smoothing and with a triangle width of five. Then, remaining chromatograms were 160 

aligned to the selected refence with quadratic warping functions using the same parameters as in the 161 

bestref-function. Finally, the quantile fingerprints were plotted in Origin 2016 (OriginLab 162 

Corporation, Northampton, MA, USA). 163 

2.4. Statistical analyzes 164 

All statistical analyzes and the chromatogram alignment were performed with R (version 3.5.3; R 165 

Core Team, 2019) in Rstudio integrated development environment (version 1.1.463; Rstudio Team, 166 

2018). The differences between groups in the quantitative data (Fig. 2 and 4) were tested with non-167 

parametric Kruskal–Wallis tests and the subsequent multiple comparisons were done with Holm-168 

corrected Mann–Whitney U-tests. Partial least squares regression (PLSR) models were utilized two 169 

study the connections between the compositions of the oligomeric adducts (responses) and the PA, 170 

FL and Mv concentrations, the mDP of the PAs and the concentration ratios of the FLs and PAs 171 

(FL/PA; predictors) in the 1-year-old wines. Separate model was built for each response 172 

(concentrations and LOA-%). The responses, FL concentrations and FL/PA ratios were log-173 

transformed to meet the assumption of linear correlations. All variables were centered and scaled to 174 

zero means and to unit variances. The PLSR models were fitted with R package “plsdepot” 175 

(Sanchez, 2012), all models consisted of two latent variables and the models were cross-validated to 176 

avoid over-fitting. 177 

3. Results and discussion 178 

3.1. Quantitative composition of the oligomeric adducts in young wines 179 

First, the focus was on the young wines, which were defined to be the 1–2 years old wines. The 180 

primary aim was to see how (i) the quantitative composition, i.e., concentrations and sizes of the 181 

oligomeric adducts, and (ii) the 2D chromatographic fingerprints varied between different wine 182 
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types. The secondary objective was to find out which wine types could be pooled to study the 183 

evolution of the oligomeric adducts. Such wines were selected from the young wines which had at 184 

least eight replicates based on the principal grape variety (n=92; Table S1). These grape varieties 185 

were Pinot Noir, Shiraz, Merlot, Cabernet Sauvignon and Touriga Nacional. The wines were mainly 186 

single-varietal wines except the Touriga Nacional wines, all of which contained Touriga Franca and 187 

Tinta Roriz grapes as well. Principal component analysis and hierarchical clustering with the 188 

principal component scores were done to group the data but the best way turned out to be to simply 189 

group the wines based on the principal grape varieties used in the wine making. However, the Pinot 190 

Noir wines from the Pfalz (Germany) and Beaune (France) regions were considered separately 191 

because the unsupervised multivariate methods showed them to form two separated groups. 192 

In the young wines, all the three groups of oligomeric adducts had differences in their 193 

concentrations between the wine types (Fig. 2A–C; p<0.001; refer to Tables S4–S6 for statistical 194 

pairwise comparisons). The variation in the concentrations was the largest for the PA–Mv+ adducts 195 

where nearly a five-fold difference was observed between the concentrations in the Shiraz, Cabernet 196 

Sauvignon and Touriga Nacional wines (average 79%) and the Pinot Noir wines from the  Beaune 197 

region (average 16%, Fig. 2A). Approximately, a two-fold difference in the concentrations of the 198 

PA–methylmethine–Mv+ adduct was observed between the Merlot, Shiraz and Cabernet Sauvignon 199 

wines (average 79%) and the Touriga Nacional and Pinot Noir wines from the Pfalz region (average 200 

43%, Fig. 2B). The largest statistically significant differences in the concentrations of the PA–Mv–201 

FL adducts were between Shiraz and Cabernet Sauvignon wines (average 111%) and the Pinot Noir 202 

wines of the Pfalz region (average 74%, Fig. 2C) where the difference was only one and a half fold. 203 

The Shiraz and the Cabernet Sauvignon wines had consistently the highest concentration of all three 204 

types of oligomeric adducts, but in the other groups the relative order of the concentrations varied 205 

between the adduct groups. For instance, the Touriga Nacional wines had as high a concentration of 206 

PA–Mv+ and PA–Mv–FL adducts as Shiraz and Cabernet Sauvignon wines, while the concentration 207 

of PA–methylmethine–Mv+ adducts was lower and similar to the levels in Pinot Noir wines from 208 
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the Beaune and Pfalz regions (Fig. 2A–C). Additionally, the concentrations of the PA–209 

methylmethine–Mv+ adducts in the Merlot wines were similar to the concentrations in Shiraz and 210 

Cabernet Sauvignon wines, while the concentrations of PA–Mv+ adducts in Merlot wines were 211 

similar to the Cabernet Sauvignon wines but lower than in Shiraz wines (Fig. 2A–B). Between the 212 

Pinot Noir wines from the Beaune and Pfalz regions, the differences in the concentrations were 213 

significant only in the case of the PA–Mv+ adducts and, overall, the concentrations of all three 214 

groups of the oligomeric adducts were in the lower end of the concentration ranges in the Pinot Noir 215 

wines. 216 

The average sizes of the oligomeric adducts had differences between the groups as well 217 

(Fig. 2D–F). The SOA-% and LOA-% of all three oligomeric adduct groups had significant 218 

differences between the wine types (p<0.001, refer to Tables S7–S12 for statistical pairwise 219 

comparisons), while the MOA-% of all three adduct groups were found to be equal (p≥0.066). For 220 

the PA–Mv+ and PA–methylmethine–Mv+ adducts, these differences were solely caused by the 221 

Pinot Noir wines from the Pfalz region, which had higher SOA-% and lower LOA-% than the other 222 

groups (Fig. 2D–F). Therefore, the Pinot Noir wines from the Pfalz region had the lowest average 223 

sizes of the PA–Mv+ and PA–methylmethine–Mv+ adducts, while the average sizes of these adducts 224 

were similar in the Merlot, Shiraz, Cabernet Sauvignon, Touriga Nacional and Pinot Noir wines 225 

from the Beaune region. Most variation in the adduct sizes was observed with the PA–Mv–FL 226 

adducts (Fig. 2D–F). The Touriga Nacional and Shiraz wines had the lowest SOA-% (average 23%) 227 

and the highest LOA-% (average 40%) meaning that the average sizes of the PA–Mv–FL adducts 228 

were the highest in these two wine groups. Based on the LOA-% and SOA-% values, the average 229 

sizes of the PA–Mv–FL adducts were the second highest in the Merlot and Cabernet Sauvignon 230 

wines, followed by the Pinot Noir wines from the Beaune region. Again, the average adduct size 231 

was the lowest in the Pinot Noir wines from the Pfalz region.  232 

3.2. Qualitative composition of the oligomeric adducts in young wines 233 
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The workflow described in section 2.3., and demonstrated in Figure 1, made it possible to visualize 234 

and summarize the chromatographic information from 504 individual 2D chromatographic 235 

fingerprints in only 18 quantile fingerprints (Fig. 3). Quantile-based approach was chosen rather 236 

than calculating average chromatograms and standard errors or confidence intervals because the 237 

quantiles were more flexible in visualizing the shapes of the fingerprints, and especially when it 238 

came to visualizing the variation within different groups. Standard error (or related errors) are 239 

symmetrical around the average, which can lead to problems with chromatographic data because 240 

there is a certain baseline under which the intensities should never go in a well working method. 241 

Moreover, outliers are always expected to be positive. This can lead to situations where typical 242 

error measures could cover negative intensities because of the symmetry (Fig. S2), which is not 243 

chemically sensible to allow. This sort of a problem is avoided altogether with quantiles because 244 

distances between median and 10th and 90th percentiles are not (necessarily) equal (e.g., Fig. 3O and 245 

Fig. S2). Overall, the quantile 2D chromatographic fingerprints made it possible to summarize both 246 

within-group variation (e.g., Fig. 3C) and between-group variation (e.g., Fig. 3C–F) effectively, and 247 

in an intuitive and visual manner. 248 

 Compositionally, the Pinot Noir wines from the Pfalz and Beaune regions differed notably 249 

from the other groups. First, the 2D fingerprints of the PA–Mv+ adducts in Pinot Noir wines lacked 250 

the peaks of many individual compounds that were present in the fingerprints of other wine groups 251 

(e.g., dimeric adducts containing malvidin-3-O-acetylglucoside and malvidin-3-O-252 

coumaroylglucoside units; Fig. 3A–F). Second, the PA–methylmethine–Mv+ fingerprints had much 253 

more within-group variation than the other groups, and the fingerprints contained major individual 254 

peaks, namely the dimeric adducts containing malvidin-3-O-glucoside unit (Fig. 3G–L). Third, the 255 

chromatographic hump of the PA–Mv–FL adducts was less abundant than in the other groups (Fig. 256 

3M–R). Regarding the first point, the lack of multiple individual PA–Mv+-type adducts was 257 

presumably explained by the malvidin glycoside compositions of the wines (Fig. S3). Pinot Noir 258 

grapes and wines are known to differ from other common grape and wine varieties in their 259 
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anthocyanin composition as they do not contain acetylated anthocyanins (Dimitrovska, Bocevska, 260 

Dimitrovski & Murkovic, 2011). The malvidin glycoside fingerprints replicated this result in Pinot 261 

Noir wines from the Beaune region, whereas the wines from the Pfalz region contained small 262 

amounts of acetylated malvidin glycosides (Fig. S3). The malvidin glycoside composition might 263 

explain the qualitative differences in the PA–methylmethine–Mv+ fingerprints as well. In the Pinot 264 

Noir wines, a catechin–methylmethine–malvidin-3-O-glucoside dimer was the main individual 265 

compound in the median fingerprints (Fig. 3G, H). In the other wine groups, the same dimers were 266 

only visible in the 90th percentile fingerprint (Fig. 3I and K), if they were visible at all. When there 267 

is only one major precursor for the adduct formation (i.e., malvidin glucoside), the adducts 268 

containing the said precursor should be more emphasized in the resulting composition (Fig. 3G, H) 269 

compared to a situation when there are multiple potential and competing pre-cursors (Fig. 3I–L). 270 

Alternatively, the qualitative differences in the PA–methylmethine–Mv+ compositions could be 271 

related to the compositions of the other precursor, i.e., the PAs. 272 

 Interestingly, the fingerprints of the PA–Mv–FL adducts had fewer qualitative differences 273 

between the Pinot Noir wines and the other groups (Fig. 3M–R) than with the other two types of 274 

oligomeric adducts. The major difference was the chromatographic hump, which was less abundant 275 

than in Pinot Noir wines, and which supported the earlier observation about the lower average sizes 276 

of the PA–Mv–FL adducts in the Pinot Noir wines. The individually distinguishable peaks appeared 277 

to be mostly the same in all wine groups (Fig. 3M–R), despite the differing malvidin glycoside 278 

composition (Fig. S3). Previously, it was noted that the dimeric adducts of catechin and acylated 279 

malvidin glucosides were less abundant in PA–Mv–FL fingerprints than the corresponding dimers 280 

were in the PA–Mv+ fingerprints (Laitila et al., 2019). The reason for this could arise from the 281 

mechanism of the adduct formation reaction. When the PA–Mv–FL adducts are formed, the 282 

reactive moiety of anthocyanins (in their flavylium cation form) is the electrophilic C4 carbon of 283 

the C-ring (Dangles & Fenger, 2018; Salas, Fulcrand, Meudec & Cheynier, 2003). In this case, the 284 

glycosidic substituent at the C3-position might produce a steric hindrance, which in turn would be 285 
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proportional to the size of the substituent. On the contrary, the glycosidic substituent probably does 286 

not affect the formation of the PA–Mv+ and PA–methylmethine–Mv+ adducts, as the reactive 287 

moieties are the C6 and C8 carbons of the A-ring. Overall, the dimeric adducts appeared to be the 288 

major individual compounds of the PA–Mv+ and PA–Mv–FL adducts (Fig. 3A–F, M–R) and of 289 

PA–methylmethine–Mv+ adducts in the Pinot Noir wines from the Beaune and Pfalz regions (Fig. 290 

3G–H). The fingerprints of the PA–methylmethine–Mv+ adducts of the other wine groups were 291 

dominated by the chromatographic humps (Fig. 3I–L). Subsequently, the PA–methylmethine–Mv+ 292 

adducts formed compositionally the most complex compound group.  293 

 If the Pinot Noir wines were excluded, then in most cases there was remarkably little of 294 

either within-group or between-group compositional variation in the red wines (Fig. 3). Overall, the 295 

qualitative differences in the young wines were mainly limited to differences in abundances of 296 

individual peaks. For instance, the abundance of PA–Mv+-type catechin–malvidin-3-O-297 

acetylglucoside dimer was lower in the Touriga Nacional wines than in Merlot, Shiraz and Cabernet 298 

Sauvignon wines (Fig. 3C–F). Differences in the locations or in the shapes of the underlying 299 

chromatographic humps are often signs of major differences in the chemical compositions. Such 300 

drastic differences were not observed in the PA–Mv+ and PA–methylmethine–Mv+ adducts (Fig. 301 

3C–F, I–L) in the Merlot, Shiraz, Cabernet Sauvignon and Touriga Nacional wines. On the 302 

contrary, the fingerprints of the PA–Mv–FL adducts displayed similarity with the conclusions made 303 

of the SOA-%, MOA-% and LOA-% parameters. These parameters suggested that the average size 304 

of the PA–Mv–FL adducts were higher in the Shiraz and Touriga Nacional wines than in the Merlot 305 

and Cabernet Sauvignon wines (Fig. 2E). This was visible in the fingerprints, as the underlying 306 

chromatographic humps were more predominant in the Shiraz and Touriga Nacional wines (Fig. 307 

3O–R) than in Merlot and Cabernet Sauvignon wines (Fig. 3O, Q). Typically, the fingerprints of 308 

naturally occurring PAs can have major differences between plant species (Salminen, 2018). The 309 

same did not appear to be true for the three types of oligomeric adducts in different Vitis vinifera 310 
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red wines, especially when the malvidin glycoside composition was similar between the wine 311 

groups (Fig. S3). 312 

To summarize the results regarding the young wines (sections 3.1. and 3.2.), there were only 313 

few differences in the composition of the oligomeric adducts between Shiraz, Merlot, Cabernet 314 

Sauvignon and Touriga Nacional wine varieties (Fig. 3). Moreover, the average sizes of the 315 

oligomeric adducts in these wines were mainly similar based on the quantitative size-distribution 316 

parameters (Fig. 2D–F) and the chromatographic fingerprints. The PA–Mv–FL adducts were an 317 

exception, as there were small differences in the average adduct sizes between the wine types. 318 

However, the biggest differences between these wines were found to be quantitative (Fig. 2A–C). 319 

The Pinot Noir wines stood out from the other wine groups both by their typically lower 320 

concentrations and by their compositions (Fig. 2 and 3). Additionally, the Pinot Noir wines of the 321 

Pfalz region had systematically the lowest average sizes of the oligomeric adducts (Fig. 2D–F). 322 

3.3. Quantitative evolution of the oligomeric adducts 323 

To test how the age of the wines affected the adduct composition, wine types with similar chemical 324 

composition (based on Fig. 3) were pooled together.  These were the wines where Merlot, Shiraz or 325 

Cabernet Sauvignon grapes were used as primary grapes (n=95, Table S2). The concentrations of 326 

the PA–methylmethine–Mv+ adducts (p<0.001) and PA–Mv+ adducts (p<0.001) were found to 327 

decrease, whereas the concentrations of PA–Mv–FL adducts remained unchanged (Fig. 4A–C; 328 

p=0.632; refer to Tables S13 and S14 for statistical multiple comparisons). Age had the biggest 329 

impact on the concentration of the PA–methylmethine–Mv+ adducts, as the concentration decreased 330 

significantly year by year from the initial average of 90.0% to 21.7%. The concentration of the PA–331 

Mv+ adducts halved, as the concentration decreased from the initial average of 80.5% to 41.5%. 332 

This decrease was not as extreme as with the PA–methylmethine–Mv+ adducts, whose 333 

concentrations decreased to a fourth of the initial concentration. All three size distribution 334 

parameters of the PA–Mv+ and PA–methylmethine–Mv+ adducts were affected by aging (p<0.001), 335 

while the size distribution parameters of the PA–Mv–FL adducts remained unchanged (p≥0.056; 336 
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Fig. 4D–F, refer to Tables S15–S20 for statistical multiple comparisons). Again, the PA–337 

methylmethine–Mv+ adducts turned out to be the most heavily affected by aging as their SOA-% 338 

decreased from the initial 25.0% to 17.8%, the MOA-% decreased from 38.0% to 35.4% and the 339 

LOA-% increased from 37.1% to 46.8%. In the oldest analyzed wines, the LOAs produced nearly a 340 

half of the areas of the total fingerprints, which was markedly more than in the 1-year-old wines. 341 

Recently, the LOA-% was shown to have a positive effect on the color intensity in a wine set with a 342 

wide age range, but not in the subset of 1-year-old wines (Laitila et al., 2019). It was proposed that 343 

there could be and an evolutionary trend in the composition of the PA–methylmethine–Mv+ 344 

adducts, which would become relevant for the wine color as the wines aged. Now, a strong 345 

evolutionary trend in the sizes of these adducts was discovered, which might be relevant for the 346 

wine color. The SOA-% of the PA–Mv+ adducts decreased only from 26.8% to 24.2%, the MOA-% 347 

decreased from 35.9% to 34.2% and the LOA-% increased from 37.3% to 41.6%. While these 348 

changes were statistically significant, the changes in the average sizes of the PA–Mv+ adducts 349 

appeared to be less substantial compared to the PA–methylmethine–Mv+ adducts. Based on the 350 

quantitative metrics, the PA–Mv–FL adducts were the most stable oligomeric adducts. 351 

 The previous knowledge about the quantitative evolution of the oligomeric adducts has been 352 

obtained by measuring, almost exclusively, the concentrations of individual dimeric adducts (e.g., 353 

Alcalde-Eon et al., 2006; Arapitsas, Perenzoni, Nicolini & Mattivi, 2012; Blanco-Vega et al., 2014; 354 

Boido et al., 2006). These studies showed that the FL–methylmethine–anthocyanin dimers began to 355 

diminish in concentration already during maturation stage, which continued to the aging stage. The 356 

concentrations of the directly-linked FL–anthocyanin dimers increased during aging but began to 357 

decrease during bottled storage. Moreover, the degradation of acetaldehyde-mediated dimers was 358 

more rapid than the degradation of their directly linked counterparts. Now, it was confirmed that 359 

these evolutionary trends were valid for the whole compound groups of PA–Mv+ and PA–360 

methylmethine–Mv+ adducts as well (Fig. 4A, D). It was also confirmed that the degradation of the 361 

PA–methylmethine–Mv+ adducts was faster than the degradation of the PA–Mv+ adducts, which 362 
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was in line with the observations made of the dimeric adducts. It is important to note the difference 363 

between the previous studies and the present study. To this date, the conclusions made about the 364 

evolution of the oligomeric adducts have often been based on monitoring the evolution of dimeric 365 

and trimeric adducts, whereas the present results were based on monitoring the evolution of much 366 

larger number of compounds. Additionally, the present results showed how there was an 367 

evolutionary trend in the size-distribution of the PA–Mv+ and PA–methylmethine–Mv+ adducts, 368 

which is something that would not be possible to detect by only monitoring individual dimers.  369 

3.4. Qualitative evolution of the oligomeric adducts 370 

For the comparison of the qualitative evolutionary trends of the oligomeric adducts, the quantile 2D 371 

fingerprints of the Shiraz, Merlot and Cabernet Sauvignon wines of different ages were compared 372 

with a similar approach as the fingerprints of the young wines. This approach made it possible to 373 

visualize and summarize the chromatographic information from 405 individual 2D fingerprints into 374 

only nine fingerprints in Figure 5.  375 

 The relative abundance of some individual PA–Mv+-type adducts, e.g., catechin–malvidin-376 

3-O-acetylglucoside and catechin–malvidin-3-O-coumaroylglucoside, were observed to decrease as 377 

the wines aged (Fig. 5A–C). At the same time, the underlying chromatographic hump appeared to 378 

become slightly more prevalent, which together suggested that the average size of the PA–Mv+ 379 

adducts was larger in the older wines. Therefore, the qualitative observations made of the 2D 380 

fingerprints and quantitative size-distribution parameters revealed the same trend. In the 2D 381 

fingerprints of the PA–Mv–FL adducts, an increase in the relative abundance of trimeric adducts 382 

was clearly observed (Fig. 5G–I). Additionally, a slight shift of the chromatographic hump could be 383 

seen, as the middle point of the hump moved slightly to a lower retention time (Fig. 5G–I). Trimeric 384 

PA–Mv–FL adducts have lower retention times than dimers when analyzed with reversed-phase 385 

liquid chromatography systems (Laitila et al., 2019; Willemse et al., 2015), meaning that the change 386 

in the chromatographic hump might indicate that larger adducts were formed. These observations 387 

did not match with the conclusion made of the size-distribution parameters, which suggested that 388 
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there was no change in the average sizes of the PA–Mv–FL adducts. However, in this case the 2D 389 

chromatographic fingerprints provided more compelling data for the evolutionary patterns 390 

compared to the quantitative data, because the fingerprints were purely qualitative. The size-391 

distribution parameters of the PA–Mv–FL adducts in the young wines (Fig. 2E) had statistically 392 

significant differences between the three wine varieties (Shiraz, Merlot and Cabernet Sauvignon). 393 

This might disturb the investigation of the quantitative evolutionary pattern if the evolutionary trend 394 

is only modest in comparison to stronger trends, such as the one observed for the PA–395 

methylmethine–Mv+ adducts. Interestingly, even though the PA–methylmethine–Mv+ adducts were 396 

the most influenced by the aging based on the quantitative measures (Fig. 4C, F), their 2D 397 

fingerprints were relatively alike in the three age categories (Fig. 5D–F). This could be due to the 398 

PA–methylmethine–Mv+ composition itself, which was already initially so complex that the 2D 399 

fingerprints were dominated by the chromatographic hump. The complexity, in turn, likely hid any 400 

major visual changes in the composition. 401 

 Even in the oldest wines, the dimeric adducts remained clearly present as the main 402 

individual compounds in the fingerprints of the PA–Mv+ and PA–Mv–FL adducts, even though the 403 

average sizes of the adducts increased. The within-group variation in the 2D fingerprints decreased 404 

when the wines aged, which was especially apparent for the PA–methylmethine–Mv+ adducts (Fig. 405 

5D–F). Chemically, this could occur if the individual 1-year-old wines still had compositional 406 

differences, which all then converged to similar composition after years of storage. When the 407 

observations from the quantitative metrics and 2D chromatographic fingerprints were combined, it 408 

could be concluded that the PA–methylmethine–Mv+ adducts were the most unstable and reactive 409 

compounds, as both their concentration and composition changed drastically. The PA–Mv+ adducts 410 

were the second most unstable oligomeric adducts followed by the PA–Mv–FL adducts, which 411 

remained stable based on the quantitative metrics but faced some compositional changes according 412 

to the 2D fingerprints. 413 
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At least two mechanisms could have contributed to the compositional evolution in the size-414 

distributions of the oligomeric adducts.  First, (i) the adducts degraded regardless of their size as the 415 

wines aged but the smallest adducts were more susceptible to the degradation than the larger ones, 416 

leading to the increased average size of the adducts and in increase in the LOA-% and decrease in 417 

the SOA-%. Second, (ii) the smaller adducts oligomerized to larger compounds, possibly by 418 

reactions with carbocationic cleavage products of PAs. The prerequisite for mechanism ii, i.e., the 419 

production of carbocationic PA degradation products, has been shown to occur in mildly acidic red 420 

wine model solutions (Dallas, Ricardo-da-Silva & Laureano, 1996; Vidal, Cartalade, Souquet, 421 

Fulcrand & Cheynier, 2002). Third possibility was that both i and ii occurred at the same time. In 422 

the case of the PA–Mv–FL adducts, it was likely that ii occurred because the changes in the 423 

concentrations were minimal to non-existent, while the changes in the 2D fingerprints suggested 424 

that higher oligomers were formed. On the contrary, the degradation of PA–methylmethine–Mv+ 425 

and PA–Mv+ adducts was confirmed by the diminishing concentrations meaning that mechanism i 426 

was a more probable cause for the changes in the size distribution. However, mechanism ii could 427 

not be ruled out and it might occur as well. Finally, it needs to be noted that while the utilized 428 

method showed that there were compositional evolutionary trends, the methodology itself cannot 429 

reveal what exactly caused the observed changes. Therefore, the explanation offered in this section 430 

are hypothetical and tentative.  431 

3.5. Factors regulating the formation of the oligomeric adducts 432 

The red wine data set made it possible to investigate what factors possibly regulated the formation 433 

of the oligomeric adducts. To this end, the PA concentration, mDP of the PAs, concentration of FLs 434 

and the concentration of malvidin glycosides were measured from the 1-year-old wines (Table S3). 435 

The FL concentration was measured because the monomers share the same nucleophilic properties 436 

as the PAs and they can participate as such to the adduct formation of the PA–Mv–FL and PA–437 

methylmethine–Mv+ adducts (Dangles & Fenger, 2018; Salas et al., 2003). FLs cannot participate to 438 

the formation of PA–Mv+ adducts as such but they can compete with the malvidin glycosides over 439 
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the carbocationic PA degradation products, which in turn are needed in the formation of the PA–440 

Mv+ adducts. Therefore, a ratio of the FL and PA concentrations (FL/PA) was calculated to test for 441 

such a scenario. The data was analyzed by fitting PLSR models where the above-mentioned 442 

variables were used as predictors for the concentrations and proportions of LOAs of the oligomeric 443 

adducts. The LOA-% was used as a metric for the degree of oligomerization of the oligomeric 444 

adducts, just as it was in Laitila and Salminen (2020). Only the youngest of wines were studied to 445 

minimize the effect of the age. In this setup, it was assumed that the values of the predictors 446 

reflected their initial values at the beginning of the fermentation because, though they were 447 

inaccessible information in this study, they would have been more suitable predictors. For this 448 

reason, the following results should be considered as tentative ones. The main results of the 449 

regression analyzes are presented in Figure 6 and Table S21. 450 

 The models explained large portions of the variation in the PA–Mv+ (R2=0.725, Q2=0.703) 451 

and PA–methylmethine–Mv+ concentrations (R2=0.589, Q2=0.513) but the PA–Mv–FL 452 

concentrations could not be accurately modelled (R2=0.111, Q2=0.017).  The Mv concentration and 453 

the mDP of the PAs were the most important predictors for the PA–Mv+ concentration (Fig. 6A). 454 

The Mv concentration and the FL/PA ratio were the most important predictors for the PA–455 

methylmethine–Mv+ concentration (Fig. 6B) and only the Mv concentration was important for the 456 

PA–Mv–FL concentration (Fig. 6C). Based on these results, the Mv concentration was a more 457 

important limiting factor than the PA concentration was as such. Interestingly, the mDP of the PAs 458 

had a positive effect on the concentrations of the PA–Mv+ adducts. This observation could be 459 

rationalized by considering the adduct formation mechanism. The PA–Mv+ adducts can only be 460 

formed when malvidin glycosides in their hemiacetal forms get to react with carbocationic 461 

degradation products of PAs (Salas et al., 2003). The depolymerization of PAs happens through 462 

degradation of the interflavan C–C linkages and as the number of these linkages increases in PAs 463 

(i.e., the mDP increases), so does the number of possible sites for the degradation to happen. The 464 

formation mechanism could also explain the importance of the FL/PA-ratio. The monomeric FLs 465 
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cannot produce the reactive carbocations, but the FLs can react with them leading to a competition 466 

with malvidin glycosides. Now, a low FL/PA ratio means that there are more PAs to produce the 467 

carbocationic species and less monomeric FLs to react with them (repolymerization) compared to a 468 

high FL/PA ratio. The large regression coefficient of the FL/PA ratio was negative, suggesting that 469 

low FL/PA ratio was favorable for the formation of the PA–Mv+ adducts. The FL/PA ratio was an 470 

important predictor for the PA–methylmethine–Mv+ concentration as well (with a negative 471 

regression coefficient; Fig. 6B). In this case, both the monomeric FLs and oligomeric PAs can 472 

participate to the adduct formation reaction as such. Here, the chemical importance of the FL/PA 473 

ratio was not as apparent as for the PA–Mv+ adducts but, again, low FL/PA ratio was associated 474 

with high PA–methylmethine–Mv+ concentration. Possibly, a high PA content in relation to the FL 475 

content simply helps the formation of the adducts because PAs have more reactive sites available 476 

for the adduct formation. 477 

 Only 11.1% of the variation in the PA–Mv–FL concentrations could be explained with the 478 

measured starting material composition and even that model was over-fitted (Q2=0.017; Fig. 6C). 479 

This implied that some other factor must have a dominant role in regulating the formation of the 480 

PA–Mv–FL adducts. The most appealing of these factors was the pH values of the wines. The 481 

formation of the Mv–FL dimers involve a malvidin glycoside reacting as an electrophile with an FL 482 

unit (Dueñas, Fulcrand & Cheynier, 2006). Only the flavylium cation form of the malvidin 483 

glycosides has the necessary electrophilic properties but this form is a minor constituent in the 484 

anthocyanin equilibrium in mildly acidic pH conditions in red wines compared to the nucleophilic 485 

hemiacetals (Nave, Petrov, Pina, Teixeira, Mateus & de Freitas, 2010; Pina, 1998). Consequently, 486 

the anthocyanin equilibrium and the abundance of the flavylium cationic malvidin glycosides could 487 

be more important in regulating the formation of Mv–FL adducts than the polyphenolic starting 488 

material composition. The PA–Mv–FL adducts probably form by further oligomerization reactions 489 

between Mv–FL dimers and carbocationic PA degradation products (Fig. S4, mechanism 1). 490 

Alternatively, it could be possible for the PA–Mv–FL adducts to be formed from the PA–Mv+ 491 
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adducts by reactions with FLs (Fig. S4, mechanism 2). The concentrations of the PA–Mv+ and PA–492 

Mv–FL adducts were indeed found to correlate in the 1-year-old wines (r=0.68). However, in the 493 

case of mechanism 2 (Fig. S4), it would be expected that the concentrations of the PA–Mv–FL 494 

adducts would be better explained by the same predictors as the PA–Mv+ adducts but this was not 495 

case in this study.  496 

 In this study, the focus was entirely on the polyphenolic components in red wines and there 497 

are other non-polyphenolic predictors, such as pH and acetaldehyde content, that can potentially 498 

regulate the adduct formation. Despite lacking this information, the models explained large 499 

proportions of the variation in the PA–Mv+ and PA–methylmethine–Mv+ concentrations, thereby 500 

revealing what factors in the polyphenolic starting material composition could be important for their 501 

formation. 502 

 Similar regression models were constructed for the LOA-% of the oligomeric adducts to 503 

find out what factors favor the formation of larger adducts (Fig. 6D–F, Table S21). The FL/PA ratio 504 

was a significant predictor for each adduct type (with negative regression coefficient) and, 505 

additionally, the malvidin glycoside concentration was significant predictor for the PA–506 

methylmethine–Mv+ adducts. Concerning all three oligomeric adduct groups, the mechanism 507 

described for the formation of the PA–Mv+ adducts might explain the importance of the negative 508 

connection between the FL/PA ratio and the LOA-% of the adducts. The lower FL/PA ratio is, the 509 

less there are FLs to compete with the oligomeric adducts in further oligomerization reactions. 510 

Regarding the methylmethine-linked adducts, FLs and PAs can both participate to the adduct 511 

formation as such and, certainly, a reaction with a PA leads to a larger adduct. Additionally, a PA 512 

moiety would have more remaining nucleophilic sites left in a newly formed adduct for further 513 

oligomerization reactions compared to a corresponding adduct containing an FL unit. The same 514 

rationalization could also explain the negative connection between the malvidin glycoside 515 

concentration and the LOA-% of the PA–methylmethine–Mv+ adducts. While a higher malvidin 516 

concentration yields more PA–methylmethine–Mv+ adducts (Fig. 6B), the higher concentration 517 
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favors acetaldehyde-mediated dimerization of malvidin glycosides as well, resulting in larger 518 

abundance of small methylmethine-linked malvidin glycoside dimers. Mv–methylmethine–Mv 519 

dimers have been shown to produce the same vinylmalvidin fragment (Bindon et al., 2014), which 520 

was used to detect the PA–methylmethine–Mv+ adducts. Oligomeric methylmethine-linked 521 

malvidin glycosides are therefore likely detected as PA–methylmethine–Mv+ adducts by the utilized 522 

UPLC–MS/MS method, even though such oligomers have not been separately detected or 523 

characterized in the PA–methylmethine–Mv+ fingerprints so far.  524 

 The results of this section are important because recently it was shown that the high 525 

concentration and high LOA-% of the PA–Mv+ and PA–methylmethine–Mv+ adducts were 526 

associated with strong color intensity (Laitila & Salminen, 2020). In this context, the present results 527 

imply that if a strong color is wanted, the PAs in the initial polyphenolic starting material 528 

composition should have a high mDP, Mv concentration should be high, and the FL concentration 529 

should be low compared to the PA concentration. The role of the malvidin glycosides is interesting 530 

because only the pinotin-type pigments contributed less to the color intensity than malvidin 531 

glycosides (Laitila & Salminen, 2020). However, it does seem that the malvidin glycoside 532 

concentration is one of the main limiting factors for the formation of the oligomeric pigments and, 533 

thereby, malvidin glycoside concentration has an important impact on the color intensity. As 534 

mentioned in the beginning of this section, the results of this section rely on certain assumptions 535 

and, hence, the results should be considered as tentative. 536 

4. Conclusions 537 

The quantile 2D fingerprints revealed how the young Pinot Noir wines were compositionally 538 

distinctively different from Shiraz, Cabernet Sauvignon, Merlot and Touriga Nacional wines, which 539 

in turn were relatively similar with one another. Besides the lack of major between-group 540 

compositional variation between the latter four wine types, there was also only little within-group 541 

compositional variation. However, there were significant quantitative differences between wine 542 

varieties, which had only minor compositional differences. Regarding the quantitative evolution of 543 
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the oligomeric adducts, the PA–methylmethine–Mv+ adducts were the most unstable adducts, as 544 

their concentration in the 5–6-year-old wines was only one fourth of the initial concentration in the 545 

1-year-old wines. The 2D quantile fingerprints, and the SOA-%, MOA-% and LOA-% parameters, 546 

showed how the compositions of the oligomeric adducts evolved during storage. Generally, the 547 

average sizes of all three groups oligomeric adducts increased towards the older wines and the 548 

changes were again most notable for the PA–methylmethine–Mv+ adducts. Finally, tentative results 549 

were obtained about what factors in the starting material composition of the oligomeric adducts 550 

might have an impact on their formation. The most important implications of this paper come from 551 

the evolutionary patterns and of the tentative results regarding formation of the oligomeric adducts. 552 

The evolutionary trends of the oligomeric adducts, and other pigments in red wines, have been 553 

extensively studied during the last decade (e.g., references in the introduction). This study takes 554 

another profound step forward in this field because the quantitative and qualitative results were not 555 

obtained by monitoring individual small oligomers, but rather a much larger number of compounds 556 

using novel group-specific methodology. On the other hand, the tentative results about the 557 

formation of the oligomeric adducts might turn out to be useful if one wants to optimize the 558 

accumulation of color intensity by optimizing the polyphenolic starting material composition of the 559 

initial wine must, or simply understand why two different polyphenolic compositions lead to 560 

different color intensities. In this study, only the oligomeric derivatives of malvidin glycosides were 561 

considered but the results should be indicative of the behavior and properties of other analogous 562 

anthocyanin adducts as well. 563 

564 
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Figure captions:  709 

Figure 1. Protocol for the formation of the two-dimensional (2D) quantile chromatographic 710 

fingerprints. In the lowest panel, the solid black line is the median and the grey area is the interval 711 

between 10th and 90th percentiles. The alignment of the chromatograms by parametric time warping 712 

algorithm (Bloemberg et al., 2010; Eilers, 2004) was done to correct small fluctuations in the 713 

retention times between individual wines. 714 

 715 

Figure 2. Concentrations of the oligomeric PA–Mv+, PA–methylmethine–Mv+ and PA–Mv–FL 716 

adducts (A–C), and the relative proportions of small, medium-sized and large oligomeric adducts 717 

(SOA-%, MOA-% and LOA-%; D–F) in young, 1–2 years old wines (n=92). The wines were 718 

grouped based on the principal grape variety, except for the Pinot Noir wines, which were grouped 719 

based on their region (Pfalz, Germany; Beaune, France). Most wines were single-varietal wines 720 

except for the Touriga Nacional wines, all of which were made from Touriga Nacional, Touriga 721 

Franca and Tinta Roriz grapes. Refer to the supplementary table S1 for a summary of the wines and 722 

to tables S4–S12 for the pairwise statistical significance tests. Abbreviations: PA, proanthocyanidin; 723 

FL, flavan-3-ol monomer; Mv, malvidin, SOA, small oligomeric adduct; MOA, medium-sized 724 

oligomeric adduct; LOA, large oligomeric adduct. 725 

 726 

727 
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Figure 3. Two-dimensional (2D) quantile chromatographic fingerprints of the oligomeric PA–Mv+, 728 

PA–methylmethine–Mv+ and PA–Mv–FL adducts in young, 1–2 years old wines. The groups Pfalz 729 

(Germany) and Beaune (France) consisted of Pinot Noir wine from the corresponding regions. The 730 

solid black lines are the medians and the grey areas are the intervals between 10th and 90th 731 

percentiles. The quantile fingerprints were formed using the protocol in Figure 1 to visualize and 732 

summarize the chromatographic information from 504 individual chromatograms. The individual 733 

compounds were identified based on their retention times and the compound were characterized in 734 

Laitila et al. (2019). Abbreviations: PA, proanthocyanidin; FL, flavan-3-ol monomer; Mv, malvidin 735 

glycoside, MvGlc, malvidin glucoside; MvAcGlc, malvidin acetylglucoside, MvCouGlc, malvidin 736 

coumaroylglucoside; Cat, catechin. 737 

 738 

Figure 4. Evolution of the concentrations of the oligomeric PA–Mv+, PA–Mv–FL and PA–739 

methylmethine–Mv+ adducts (A–C), and the evolution of the relative proportions of the small, 740 

medium-sized and larger oligomeric adducts (SOA-%, MOA-% and LOA-%; D–F) in Merlot, 741 

Shiraz and Cabernet Sauvignon red wines (n=95). Most wines were single-varietal wines with the 742 

Cabernet Sauvignon being the most used secondary grape in some Merlot wines. Refer to the 743 

supplementary table S2 for a summary of the wines and to tables S13–S20 for the pairwise 744 

statistical significance tests. Abbreviations: PA, proanthocyanidin; FL, flavan-3-ol monomer; Mv, 745 

malvidin, SOA, small oligomeric adduct; MOA, medium-sized oligomeric adduct; LOA, large 746 

oligomeric adduct. 747 

 748 

749 
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Figure 5. Evolution of the two-dimensional (2D) quantile chromatographic fingerprints of the 750 

oligomeric PA–Mv+, PA–methylmethine–Mv+ and PA–Mv–FL adducts. The solid black lines are 751 

the medians and the grey areas are the intervals between 10th and 90th percentiles. The quantile 752 

fingerprints were formed using the protocol in Figure 1 to summarize the chromatographic 753 

information from 405 individual chromatograms. The individual compounds were identified based 754 

on their retention times and the compounds were identified in Laitila et al. (Laitila et al., 2019). 755 

Abbreviations: PA, proanthocyanidin; FL, flavan-3-ol monomer; Mv, malvidin glycoside, MvGlc, 756 

malvidin glucoside; MvAcGlc, malvidin acetylglucoside, MvCouGlc, malvidin 757 

coumaroylglucoside; Cat, catechin. 758 

 759 

Figure 6. Results of the partial least squares regression models explaining the concentrations and 760 

the relative proportions of the large oligomeric adducts (LOA-%) of the PA–Mv+ (A, D), PA–761 

methylmethine–Mv+ (B, E) and PA–Mv–FL adducts (C, F) in the 1-year-old wines (n=78). Refer to 762 

the supplementary table S3 for a summary of the 1-year-old wines. Abbreviations: PA, 763 

proanthocyanidin; FL, flavan-3-ol monomer; FL/PA, ratio of the concentrations of the monomeric 764 

flavan-3-ols and proanthocyanidins; Mv, malvidin glycoside; LOA-%, proportion of large 765 

oligomeric adducts; mDP, mean degree of polymerization of proanthocyanidins. 766 


