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Abstract: 23 

Wine taste balance evolves during oak aging by the release of volatile and non-volatile 24 

compounds from wood. Among them, an enantiomer of lyoniresinol, (+)-lyoniresinol, has been 25 

shown to exhibit bitterness. To evaluate the impact of (+)-lyoniresinol on wine taste, a two-step 26 

quantitation method was developed and validated. First, (±)-lyoniresinol was assayed in wines, 27 

spirits, and oak wood macerates by C-18 liquid chromatography-high resolution mass 28 

spectrometry (LC-HRMS). Then, the lyoniresinol enantiomeric ratio was determined by chiral 29 

LC-HRMS in order to calculate the (+)-lyoniresinol content. In red and white wines, the average 30 

concentrations of (+)-lyoniresinol were 1.9 and 0.8 mg/L, respectively. The enantiomer 31 

proportions were not affected by bottle aging, and lyoniresinol appeared to remain stable over 32 

time. The sensory study of (+)-lyoniresinol established its perception threshold at 0.46 mg/L in 33 

wine. All the commercial wines quantitated were above this perception threshold, 34 

demonstrating its impact on wine taste by an increase in bitterness. In spirits, (+)-lyoniresinol 35 

ranged from 2.0 to 10.0 mg/L and was found to be released continuously during oak aging. 36 

Finally, neither botanical origin nor toasting was found to significantly affect the (+)-37 

lyoniresinol content of oak wood. 38 

 39 

Keywords: Lignan, Chiral separation, Bitterness, Orbitrap mass spectrometry, Taste-active 40 

compounds, Oak aging  41 



3 
 

Introduction 42 

 43 

The first known racemic mixture, from the Latin word racemus, meaning “(wine) 44 

grape,” was identified in 1848 as racemic acid, which Louis Pasteur found to be a mixture of 45 

the two enantiomers of tartaric acid, the most abundant acid in wine [1]. This discovery paved 46 

the way for the study of the stereochemistry of molecules from their separation [2] to their 47 

synthesis [3, 4] through the comparison of their properties. Indeed, enantiomers exhibit 48 

differential behavior when in contact with other chiral compounds. In particular, their biological 49 

properties can be very different, as illustrated by the infamous example of thalidomide whose 50 

R-enantiomer possesses a therapeutic effect while its S-enantiomer is teratogenic [5]. The 51 

enantioselectivity of interactions between aromas and olfactory receptors has also been widely 52 

observed, as with borneol enantiomers ((+)- and (-)-borneol that have unpleasantly peppery and 53 

camphor odor, respectively) [6]. Similarly, taste-active compounds such as asparagine or 54 

alapyridaine are also subject to distinct properties according to their absolute configuration [7, 55 

8]. Discovering the sensory properties of natural molecules and their interactions with receptors 56 

is one of the most exciting challenges for chemists involved in food analysis. The taste of wine 57 

is due to thousands of molecules released from grapes that are synthesized by micro-organisms 58 

or modified during aging [9]. An important source of active compounds is oak wood, which is 59 

used for the traditional step of barrel aging and during which the color, aroma, and taste of wine 60 

are modified [10–15]. Within this research, the impact of the stereochemistry of active 61 

compounds in wine is a particularly relevant issue. Recent studies have investigated the impact 62 

of enantiomers on wine flavor. In the wine aroma field, various studies have focused on the 63 

olfactory properties of the enantiomers involved in wine quality [16,17] or off-flavors [18]. 64 

Surprisingly, the influence of stereochemistry on the taste properties of wine non-volatiles has 65 

received less attention.  66 

Knowledge of the molecular origin of wine taste has increased jointly with the 67 

improvement of analytical techniques [19–21]. Even though the study of enantiomers is of 68 

particular relevance, it represents a major challenge for analytical chemists. Owing to their 69 

identical physical and chemical properties, enantiomers cannot be separated in a symmetrical 70 

environment, which complicates their racemic resolution. 71 

Two different approaches are available for the quantitation of enantiomers by LC-MS. First, 72 

direct injection can be carried out using a chiral stationary phase (CSP) or a non-chiral column 73 

with a chiral mobile phase additive (CMPA). Even though these methods only need simple 74 
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preparation of samples and simple chromatographic runs, CSPs are very sensitive to 75 

chromatographic conditions and their desorption kinetics are quite poor with low column 76 

efficiency. Secondly, the resolution of enantiomers may be assessed by indirect injection after 77 

the formation of diastereoisomers by chiral derivatization for separation on a non-chiral 78 

column. In the latter case, the enantiomeric purity of the derivatization agent is critical. 79 

Moreover, the derivatization procedure must not induce the racemization of the compound or 80 

side products, so it is quite complicated to develop a method combining good sensitivity and 81 

the efficient separation of enantiomers with easy sample preparation [22]. 82 

Among the wine taste-active compounds, lyoniresinol was recently described to be the 83 

most abundant and the bitterest lignan extracted from Quercus petraea wood [10]. Its 84 

perception threshold was evaluated at 1.5 mg/L, whereas its concentrations in most oaked wines 85 

were found to be higher, which demonstrates the impact of lyoniresinol on wine taste. It has 86 

been isolated from various plants and observed as a mixture of 8R,8′R,7′S-and 8S,8′S,7′R-87 

enantiomers with variable relative abundance [23]. In Quercus genus wood, its specific optical 88 

rotation measurement indicated that it is present as a racemic mixture [24]. Recently, a racemic 89 

resolution based on the natural xylose-derivatives of lyoniresinol was performed in order to 90 

purify its enantiomers [25]. Vibrational Circular Dichroism measurements of the enantiomers 91 

determined their absolute configurations to be (8R,8′R,7′S)-(+)-lyoniresinol a and (8S, 8′S,7′R)-92 

(−)-lyoniresinol b (Fig. 1). Above all, sensory analysis established that only (+)-lyoniresinol 93 

was bitter, whereas (−)-enantiomer was tasteless. This illustrates the crucial influence of 94 

stereochemistry on wine taste. In this study, lyoniresinol enantiomers have only been purified 95 

and tasted but never quantitated. The determination of their sensory impact requires the 96 

comparison between their perception threshold and their concentration in wines and spirits. 97 

This highlights the importance to develop powerful and easy-to-use methods to specifically 98 

quantitate taste-active enantiomers.  99 

This paper presents the first development of a twostep method for quantitating (+)-100 

lyoniresinol by liquid chromatography-high resolution mass spectrometry (LCHRMS). First, 101 

(±)-lyoniresinol was assayed using a non-chiral C18 column. Then, the enantiomeric ratio of 102 

each sample was determined by injection onto a CSP column connected to the same Orbitrap 103 

analyzer after prepurification by solid phase extraction (SPE). The method was validated and 104 

applied to quantitate for the first time (+)-lyoniresinol in three matrices. Its concentrations were 105 

measured in commercial red and white wines and compared to its perception threshold in order 106 

to establish to what extent it might impact wine taste. Moreover, oaked spirits from Cognac 107 

were also analyzed, and the influence of the oak aging period was evaluated. Finally, the 108 
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amounts of (+)-lyoniresinol in oak wood were determined to study the influence of cooperage 109 

parameters such as oak species and wood toasting. 110 

 111 

Materials and methods  112 

 113 

Chemicals  114 

 115 

Ultrapure water (Milli-Q purification system, Millipore, France) and ethanol (HPLC grade 116 

solvent VWR International, Pessac, France) were used for sample maceration. Trifluoroacetic 117 

acid (TFA), tartaric acid, and quinine sulfate were purchased from Sigma-Aldrich (France). 118 

Acetonitrile (ACN) and water used for chromatographic separation were LC-MS grade and 119 

were purchased from Fisher Chemical (Illkirch, France). Lyoniresinol enantiomers were 120 

isolated as described previously by Cretin et al. [25]. 121 

 122 

Oak wood samples, wines, and spirits  123 

 124 

Oak wood material originated from France and was provided by Seguin Moreau Cooperage. A 125 

part of the study concerned the influence of species on contents of lyoniresinol enantiomers, 126 

with 15 samples of Q. petraea (sessile oak) and 15 samples of Quercus robur (pedunculate 127 

oak). The species assignment has been carried out according to the chemical method described 128 

by Marchal et al. [26]. The effect of toasting intensity was assayed on one side with oak wood 129 

pieces toasted in laboratory oven (air-convection kiln). In this assay, the five different wood 130 

staves were cut in five fragments (10 × 5 × 2 cm) and toasted, respectively, at 140, 180, 200, 131 

and 250 °C in laboratory kiln for 20 min, while last fragment was left as control (non-toasted). 132 

On the other side, other series of samples was collected both on the toasted and nontoasted sides 133 

of a stave (13 replicates = different staves) coming from production line of Seguin Moreau 134 

cooperage. In this assay, the staves were exposed to open fire bending and toasting qualified as 135 

medium toasting. The samples were collected by scraping of internal (exposed to fire) and 136 

external part (non-exposed to fire), with a scraping depth of 3 mm. All these samples were 137 

ground down to the powder, macerated at 50 g/L for 48 h in a wine-model solution (12% v/v 138 

ethanol, 5 g/L tartaric acid solution, pH 3.5) and filtered at 0.45 μm. All concentrations were 139 

expressed in mg/g of dry wood. The sample size was 2.5 g in each trial. 140 
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Spirits (six commercial Cognac and four “eaux-de-vie” in aging process) were supplied by 141 

Rémy Martin. All concentrations were expressed in mg/L of spirits.  142 

Lyoniresinol quantitation was assessed in 59 commercial red wines (29 from various 143 

appellations on the Bordeaux left bank, 23 from the Bordeaux right bank, 3 from California, 3 144 

from Australia, and 1 from Italy) and 10 commercial white wines (from Graves). The vintages 145 

covered more than one century from 1911 to 2013. All these wines were aged in oak wood. The 146 

concentrations were expressed in mg/L of wine.  147 

Wine used for sensory analysis was a non-oaked white Bordeaux from 2013 (12.6% alc. vol.; 148 

5.9 g of glycerol/L; 0.71 g/L of glucose + fructose; pH 3.1). 149 

 150 

Quantitation of lyoniresinol enantiomers in wine, spirits, and wood  151 

 152 

LC-HRMS analysis 153 

  154 

The LC-HRMS apparatus consisted of an HTC PAL autosampler (CTC Analytics AG, 155 

Zwingen, Switzerland), an Accela U-HPLC system with quaternary pumps and an Exactive 156 

Orbitrap mass spectrometer equipped with a heated electrospray ionization (HESI I) probe (both 157 

from Thermo Fisher Scientific, Les Ulis, France). LC separations were carried out on two 158 

different columns. For (±)-lyoniresinol quantitation, a C18 column (Hypersil Gold 2.1 × 100 159 

mm, 1.9 μm particle size, Thermo Fisher Scientific) was used with water (Eluent A) and ACN 160 

(Eluent B) as mobile phases. The flow rate was set at 600 μL/min and the injection volume was 161 

5 μL. Eluent B varied as follows: 0 min, 14%; 0.5 min, 14%; 1.5 min, 19%; 2 min, 19%; 4.5 162 

min, 38%; 4.6 min, 98%; 6.9 min, 98%; 7 min, 14%; 8.6 min, 14%. Enantiomers were separated 163 

on a Chiralpak® IB-3 column (2.1 × 150 mm, 3 μm particle size, Chiral Technologies, Illkirch, 164 

France) with a flow rate set at 150 μL/min and an isocratic elution mode (80:20; H2O/ACN). 165 

The mass analyzer was calibrated each week using Pierce® ESI Negative Ion Calibration 166 

solution (Thermo Fisher Scientific). The ionization and spectrometric parameters presented in 167 

Table 1 were optimized in negative mode for each chromatographic application by continuous 168 

injection of a pure solution of lyoniresinol (5 ng/min) with the considered flow rate of solvent. 169 

All data were processed using the Qual Browser and Quan Browser applications of Xcalibur 170 

version 2.1 (Thermo Fisher Scientific). 171 

 172 

Wines and sample preparation  173 
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For (±)-lyoniresinol quantitation, wines, spirits, and wood chip macerates were diluted by a 174 

factor 3, 10, and 25, respectively. After a 0.45 μm filtration, samples were injected directly in 175 

LC-HRMS using the chromatographic and spectrometric parameters described above. To 176 

determine the enantiomeric ratio, wines, spirits, and wood chip macerates were pre-purified by 177 

SPE. After a dilution with water by a factor 4, 3, and 8, respectively, to reduce the ethanol level 178 

and to obtain concentrations suited to further injection in HRMS, aliquots of wine (3 mL), 179 

spirits (8 mL), and wood macerates (4 mL) were 0.45 μm-filtered and dropped onto a non-polar 180 

column (Bond Elut ENV, PS/DVB polymer, bed weight 200 mg, 125 μm spherical particles, 181 

Agilent). Elution was carried out using successively 2 mL of 20% and 2 mL of 40% ACN in 182 

water solutions acidified with 0.05% TFA. Aliquots of the 40% ACN fractions containing 183 

lyoniresinol were taken, evaporated in vacuo, and suspended in water/methanol solution (95/5 184 

v/v) before analysis by CSP LC using the chromatographic and spectrometric parameters 185 

described above. 186 

 187 

Preparation of calibration solution  188 

 189 

The method used for (±)-lyoniresinol quantitation in wine was previously described by Marchal 190 

et al. [10]. For (±)-lyoniresinol quantitation in oak wood and spirits, two ranges of calibration 191 

solutions were prepared by successive dilution of a stock solution of lyoniresinol (1 g/L) in the 192 

model solution used for the preparation of oak macerates and in a non-oaked “eau-de-vie” 193 

diluted by a factor 10 to provide calibration samples (10 mg/L, 5 mg/L, 2 mg/L, 1 mg/L, 500 194 

μg/L, 200 μg/L, 100 μg/L, 50 μg/L, 20 μ/L, 10 μg/L, 5 μg/L, 2 μg/L). Lyoniresinol was detected 195 

according to the theoretical exact mass of its deprotonated ion ([M-H]−) and its retention time. 196 

Peaks areas were determined by automatic integration. 197 

 198 

Method validation for quantitation of (±)-lyoniresinol on C18 column  199 

 200 

The quantitation methods of (±)-lyoniresinol in oak wood macerates and spirits were validated 201 

by studying sensitivity, linearity, specificity, intraday repeatability, and trueness.  202 

To determine the sensitivity of the LC-HRMS method, the approach described by De Paepe et 203 

al. [27] was used.  204 

A calibration curve was established by plotting the areas for each concentration level versus the 205 

nominal concentration. Linear regressions were chosen with a 1/x statistical weight. Linearity 206 
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was evaluated by correlation coefficient (R2) and by deviations of each back-calculated standard 207 

concentration from the nominal value.  208 

To evaluate repeatability, the intraday precision was determined by injecting five replicates of 209 

two intermediate calibration solutions (50 and 500 μg/L) and the relative standard deviation 210 

(RSD%) was calculated. One sample of toasted oak wood, of spirits (S-8), and of red (RW-1) 211 

and white wine (WW-2) was chosen among the analyzed samples and was fortified with 212 

calibration solution corresponding to the addition of 100, 500, and 1 mg/L of lyoniresinol. 213 

Trueness was evaluated by calculating the recovery ratio (between measured and expected 214 

areas). 215 

Specificity of the Orbitrap analysis was assessed by evaluating the mass accuracy and retention 216 

time repeatability. These parameters were determined concomitantly with the above described 217 

precision and trueness analysis. 218 

 219 

Method validation for determination of enantiomeric ratio of lyoniresinol on CSP column  220 

 221 

The enantiomeric ratio of lyoniresinol (r) was defined as a dimensionless number as follows:  222 

r = peak area of (+)−lyoniresinol/peak area of (−)−lyoniresinol  223 

 224 

First, the SPE method of lyoniresinol prior to chiral analysis was validated by studying the 225 

reproducibility of the SPE by injecting a wine sample onto three cartridges. RSD of the (±)-226 

lyoniresinol peak area obtained for the three cartridges was calculated. 227 

Then, the preservation of the enantiomeric ratio throughout SPE pre-purification was studied. 228 

Three replicates of pure (±)-lyoniresinol were compared before and after SPE and the RSD of 229 

r was calculated. The same experiments were carried out with a wine sample and a Cognac to 230 

evaluate the reproducibility between various matrices.  231 

Finally, the method for determining the lyoniresinol enantiomeric ratio was validated by 232 

studying the repeatability and specificity of the chiral analysis. Three replicates of an oak wood 233 

sample were injected and the RSD of (+)-lyoniresinol and (−)-lyoniresinol peaks areas were 234 

calculated. Mass accuracy and retention time repeatability were assessed throughout sample 235 

injections. 236 

 237 

Sensory analysis  238 

 239 
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Tasting sessions took place in a specific air-conditioned room at 20 °C equipped with individual 240 

booths and normalized glasses. 241 

 242 

Panel training  243 

 244 

The panel was composed of 30 wine tasters aged from 25 to 65 years. The aim of the first 245 

training session was to familiarize the subjects with bitter perception tasted alone or with tartaric 246 

acid in order to prepare them to perceive bitterness independently of acidity. Quinine sulfate 247 

was presented at 1.5 and 12 mg/L without or with tartaric acid at 3 g/L.  248 

During the second training session, the panel was tested for its sensitivity to bitter taste. Two 249 

series of increasing quinine sulfate concentrations (1.5, 3, 6, and 12 mg/L) without or with 250 

tartaric acid (3 g/L) were presented to the panel. They were asked to sort these modalities into 251 

increasing bitterness intensity.  252 

Results were interpreted by Page’s L test described by the International Organization for 253 

Standardization [28]. For both series without and with tartaric acid, Page’s L statistics, 254 

respectively 7.40 and 4.06, were considerably above the critical value of 3.09 for an alpha risk 255 

of 0.1%, meaning that the tasters sorted the modalities according to the increasing perception 256 

of bitterness due to the addition of quinine sulfate. The panel was therefore considered suitably 257 

trained for bitterness perception. 258 

 259 

Determination of (+)-lyoniresinol taste threshold in white wine  260 

 261 

The taste threshold of (+)-lyoniresinol was evaluated in a white wine (Bordeaux 2013, 12.6% 262 

alc. vol.; 5.9 g of glycerol/L; 0.71 g/L of glucose + fructose). Owing to the tiredness of the 263 

panelists and the persistence of the bitter taste, two sessions were organized to optimize the (+)-264 

lyoniresinol concentrations for each taster. In the morning session, three concentrations (0.5, 1, 265 

and 2 mg/L) were presented in increasing order. Each concentration was displayed according 266 

to the triangle test described by the International Organization for Standardization [29]. 267 

Concentrations presented in the afternoon depended on results from the first session for each 268 

taster. They again tasted the lowest concentration at which they had given a correct answer as 269 

well as two lower concentrations (0.125 and 0.25 mg/L) following a geometric progression of 270 

ratio 2. Tasters who did not give any correct answer during the morning session received two 271 

higher concentrations (4 and 8 mg/L) in the afternoon.  272 
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Individual thresholds were estimated as the geometrical mean between the lowest concentration 273 

of a continuous series of three correct answers and the concentration just below this level. The 274 

group threshold was estimated as the geometrical mean between all the individual thresholds. 275 

 276 

Statistical analyses  277 

 278 

All the statistical analyses were carried out using the R Statistical software (Foundation for 279 

Statistical Computing, Vienna, Austria) by a one-way analysis of variance (ANOVA). For each 280 

parameter, the homogeneity of the variance was assessed by using the Levene test as well as 281 

the distribution of the normality of residues by using the Shapiro-Wilk test. 282 

 283 

Results and discussion  284 

 285 

Development of an LC-HRMS method to quantitate lyoniresinol enantiomers in oak wood 286 

macerates, wines, and spirits  287 

 288 

Quantitation of lyoniresinol enantiomers requires the chromatographic separation of (±)-289 

lyoniresinol enantiomers, which is not achievable in a symmetrical environment. The classical 290 

chromatographic conditions of the LC-HRMS analysis, i.e., C18 column with non-chiral 291 

solvents (water and ACN), do not allow this separation. To achieve this racemic resolution, we 292 

used an analytical CSP column. Recently, the efficiency of the Chiralpak® IB-3 column to 293 

separate lyoniresinol enantiomers has been demonstrated by Cretin et al. [25]. However, in this 294 

study, only pure compounds have been injected on the CSP column. Indeed, the nature of the 295 

polymeric stationary phase did not allow the column to be washed with high levels of ACN 296 

after each sample or to withstand the resulting wide variations of pressure and mobile phase 297 

polarity. Since wine, spirits, and wood macerates are complex matrices containing thousands 298 

of molecules, only pre-purified fractions could be injected onto this column in order to avoid 299 

its clogging. For this reason, we decided to implement in this work a pre-purification step by 300 

SPE prior to CSP analysis. Nevertheless, pre-treatment could have decreased the accuracy and 301 

robustness of quantitation. Therefore, C18 LC-HRMS analysis was used first to quantitate (±)-302 

lyoniresinol, according to the quantitation method developed by Marchal et al. in wine [10] and 303 

adapted here to spirits and oak wood macerates. Then, CSP LC-HRMS analysis was used to 304 

obtain the racemic resolution of (±)-lyoniresinol and calculate the lyoniresinol enantiomeric 305 
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ratio after development of a SPE pre-purification. This two-step method aimed at determining 306 

for the first time the content of lyoniresinol enantiomers in wines, spirits, and oak wood 307 

samples. 308 

 309 

Chromatographic and mass spectrometry conditions for quantitation of (±)-lyoniresinol on C18 310 

column  311 

 312 

The separation efficiency of U-HPLC and the specificity of FTMS have already been shown to 313 

be a powerful technique for (±)-lyoniresinol quantitation in wine [10]. The same 314 

chromatographic and spectrometric methods were used for (±)-lyoniresinol quantitation in oak 315 

wood extracts and spirits. However, while the dilution factor of the wine samples before 316 

injection was about 3, oak wood samples and spirits required greater dilution (by a factor 25 317 

and 8, respectively). Indeed, decreasing the ethanol level avoids deterioration of the 318 

chromatographic separation and reduces all the concentrations to within the working range.  319 

MS parameters were adjusted by direct injection of lyoniresinol in order to increase the 320 

detection sensitivity. Since no significant adducts were observed, the analysis was carried out 321 

in negative mode with no application of dissociation energy in source. The mass accuracy 322 

measurement of the Orbitrap analyzer (<3 ppm) confers high selectivity to the detection, thus 323 

allowing the analysis to be conducted in full scan mode. 324 

 325 

Chromatographic and mass spectrometry conditions for determination of lyoniresinol 326 

enantiomeric ratio on CSP column  327 

 328 

SPE was performed to pre-purify the samples prior to chiral analysis. Preliminary tests had 329 

shown that the PS/DVB stationary phase (Bond Elut ENV) was well suited to this application 330 

since it has high lyoniresinol retention capacities. Injections of the SPE fractions onto the C18 331 

column showed that most of the lyoniresinol was eluted in the 40% ACN fraction (from 50 to 332 

80% of recovery), while a lot of polar compounds were eluted in the 20% ACN fraction. As the 333 

enantiomeric ratio was the same in all SPE fractions containing lyoniresinol, only the 40% ACN 334 

fraction was submitted to CSP chromatography in order to determine the lyoniresinol 335 

enantiomeric ratio. Chromatographic conditions were determined to achieve a good separation 336 

of the lyoniresinol enantiomers. The isocratic mode was used to obtain an optimized 337 

equilibrium between the polysaccharide-derived CSP and the mobile phase in order to obtain 338 

efficient and resolved lyoniresinol enantiomers separation (Fig. 2). 339 
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Spectrometric parameters such as HESI probe temperature (250 °C), capillary temperature (320 340 

°C), and sheath gas flow were chosen on the basis of the flow rate (150 μL/min) and the 341 

composition of the mobile phase (80:20 H2O/ACN) in order to obtain the optimal ionization of 342 

the targeted compound. Since the elution conditions were stable and as enantiomers have the 343 

same chemical properties in a symmetrical environment, (+)-lyoniresinol and (−)-lyoniresinol 344 

must have a similar ionization yield in the probe and the same behavior in the spectrometer. 345 

Consequently, the enantiomeric ratio (r) can be calculated directly by integrating the 346 

chromatographic peaks corresponding to both enantiomers. 347 

 348 

Validation of (±)-lyoniresinol quantitation on C18 column  349 

 350 

The method for quantitating (±)-lyoniresinol has already been published in wine [10] but its 351 

application to spirits and oak wood macerates needed validation. The construction of an 352 

extracted ion chromatogram (XIC) with a 3 ppm accuracy around the theoretical m/z of 353 

C22H27O8− allowed the detection of the (±)-lyoniresinol deprotonated ion. Noise was almost 354 

absent and the corresponding peak at 2.16 min (Electronic Supplementary Material, ESM) was 355 

automatically integrated. With LC-HRMS, the classical approach of sensitivity determination 356 

based on signal-to-noise evaluation is no longer pertinent. The lowest levels of the calibration 357 

curve (from 2 to 50 μg/L) were injected into five replicates and both precision (RSD%) and 358 

accuracy (recovering with back-calculated concentrations) were determined for each level. The 359 

lowest concentration with a precision lower than, e.g., 10 % and accuracy higher than, e.g., 90% 360 

was defined as IDL (5 μg/L in this study, both in oak wood extracts and in spirits). De Paepe et 361 

al. [27] defined the instrumental quantitation limit (IQL) as two times the IDL. Limits of 362 

detection (LOD) and quantitation (LOQ) were further reassessed by considering the wood 363 

concentration of macerates (50 g/L of wood chips) and the dilution factor used for the sample 364 

preparation for each matrix (dilution factor of 10 and 25 for spirits and oak wood samples, 365 

respectively). These data are presented in Table 2. 366 

In this study, samples of three different origins were analyzed because it is essential to obtain a 367 

good linearity over a wide range of concentrations. On the basis of previous studies, the working 368 

ranges were chosen to range from the IQLs to 5 mg/L. A linear curve was obtained with good 369 

correlation coefficients both in oak extracts and in spirits (R2 of 0.997 and 0.996, respectively). 370 

To ensure good accuracy (>90%) of concentrations back-calculated from the calibration curve 371 

at all levels and particularly at low levels, a 1/x statistical weight was chosen.  372 
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Intraday repeatability (RSD%) was lower than 4% for 5 and 500 μg/L. Oak wood samples and 373 

spirits spiked with stock solutions were also injected. Recovery ratios were higher than 94% 374 

for additions of 100 μg/L, 500 μg/L, and 1 mg/L suggesting that matrix effects were negligible. 375 

Consequently, these results demonstrated the repeatability and trueness of the method. 376 

Analysis of the above samples exhibited very low variations in retention time (<0.02 min) and 377 

a mass accuracy lower than 1.5 ppm for all compounds at various concentrations. These results 378 

guaranteed the specificity of the method.  379 

All these results demonstrated the ability of LC-HRMS to assay lyoniresinol in oak wood 380 

samples and spirits. Moreover, recovery ratios were also measured above 92% in red and white 381 

wines. 382 

 383 

Validation of method for determining lyoniresinol enantiomeric ratio on CSP column  384 

 385 

The reproducibility (RSD%) of the SPE method was calculated to be less than 4% between 386 

three distinct cartridges, thereby demonstrating the high reproducibility of this step. Then, pure 387 

(±)-lyoniresinol was submitted to SPE. The enantiomeric ratio was measured for the 40% ACN 388 

fraction and for (±)-lyoniresinol directly injected onto the CSP column. These two ratios were 389 

compared in order to study the stability of the ratio during SPE treatment. A similar comparison 390 

was carried out with a sample of wine to evaluate a potential matrix effect. The results showed 391 

that the same enantiomeric ratios were observed with and without SPE pre-purification for both 392 

matrices (RSD of 1.4% in water and 2% in wine), meaning that SPE treatment did not affect 393 

the lyoniresinol enantiomeric ratio. This validated the trueness and reproducibility of the SPE 394 

method. Successive injections of the same sample exhibited RSD% lower than 2% for the 395 

enantiomeric ratio both in wine and in Cognac. The sample analyses revealed very low 396 

variations in retention time for both enantiomers (<0.12 min) and the mass accuracy of 397 

lyoniresinol enantiomers was lower than 3 ppm. These results demonstrated the good 398 

repeatability and specificity of the CSP LC-HRMS method. 399 

 400 

Application of the method to quantitate lyoniresinol enantiomers in wines and spirits  401 

 402 

The quantitation of (±)-lyoniresinol followed by the determination of its enantiomeric ratio 403 

made it possible to calculate the content of both lyoniresinol enantiomers in wines and spirits. 404 
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First, the release of (+)-lyoniresinol was evaluated by analyzing oaked wines. Then, its 405 

perception threshold was evaluated in wine in order to establish its sensory impact. The method 406 

was also applied to another matrix of oenological interest by analyzing spirits. 407 

 408 

Quantitation of (+)-lyoniresinol in wines  409 

 410 

To determine the importance of (+)-lyoniresinol in wine, we used our two-step method to 411 

analyze 69 wines with vintages from over more than a century (from 1911 to 2013) (ESM). All 412 

these wines were commercial and were indicated as being aged in oak wood but the details of 413 

the aging conditions were not known for each sample. Average (±)-lyoniresinol concentrations 414 

in wine were measured at 3.3 and 1.4 mg/L for red and white oaked wines, respectively. These 415 

contents confirm a previous study in which concentrations of total lyoniresinol varied from 1.3 416 

to 2.4 mg/L in various vintages of one commercial white wine [10]. Red wines are commonly 417 

aged longer and with a higher percentage of new oak barrels than white wines, which could 418 

explain the difference between the mean levels. Moreover, we observed a high variability of 419 

lyoniresinol content in red wines (from 0.6 to 9.9 mg/L). Since old vintages of the same estate 420 

contained a (±)-lyoniresinol content similar to that of recent vintages (Fig. 3), these variations 421 

did not appear to be related to the duration of bottle aging but more likely to winemaking 422 

practices.  423 

Mean lyoniresinol enantiomeric ratios were in the same range for red and white wines, 424 

respectively, 1.27 and 1.19. Moreover, Fig. 3suggests that bottle aging did not affect the relative 425 

proportions of either enantiomer.  426 

Concentrations of lyoniresinol enantiomers in red and whitewinesarepresentedinTable3. The 427 

average concentrations were 1.9 and 0.8 mg/L in red and white wines, respectively. 428 

 429 

Sensory analysis and determination of (+)-lyoniresinol taste threshold  430 

 431 

The gustatory impact of lyoniresinol enantiomers was previously established by Cretin et al. 432 

[25]. Experts described for the first time that (+)-lyoniresinol exhibited a strong bitterness while 433 

(−)-lyoniresinol exhibited no taste. To determine the sensory impact of (+)-lyoniresinol in wine, 434 

its concentrations have to be compared with its perception threshold.  435 

For this purpose, various (+)-lyoniresinol concentrations were prepared in a non-oaked white 436 

wine. Given the enantiomeric ratio of lyoniresinol in wine, concentrations of (+)-lyoniresinol 437 

were prepared on the basis of half (±)-lyoniresinol taste threshold previously established at 1.5 438 
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mg/L [10]. To avoid sensory tiredness and weariness among the panelists, tastings were 439 

conducted in two sessions. (+)-Lyoniresinol concentrations were distributed according to a 440 

geometric progression with a common ratio of 2, and the samples were assessed using a 441 

triangulation test. The group taste threshold was calculated to be 0.46 mg/L with a high range 442 

of individual detection thresholds from 43 μg/L to 4mg/L. 443 

Table 3 shows that mean concentrations of (+)-lyoniresinol were 4.1- and 1.7-fold higher than 444 

its threshold in red and white wines, respectively. The (+)-lyoniresinol content was found to be 445 

higher than 0.46 mg/L in most of the commercial wines used in this study (Table 3 and Table 446 

S1), except for three of them in which the concentrations were very similar.  447 

These analytical and sensory results clearly demonstrated that (+)-lyoniresinol has a significant 448 

impact on white wine taste by increasing its bitterness. The perception threshold had not been 449 

determined in red wine and matrix effects could slightly affect its value. However, the high 450 

differences between the levels assayed in red wines and the threshold measured in white wine 451 

suggest that (+)-lyoniresinol must also impact the taste of oaked red wines. 452 

 453 

Quantitation of (+)-lyoniresinol in spirits  454 

 455 

To evaluate the presence of lyoniresinol in spirits, six commercial Cognacs were first analyzed 456 

(ESM). Total lyoniresinol content was 8.8 mg/L on average with large variations (from 3.4 to 457 

17.5 mg/L). The mean lyoniresinol enantiomeric ratio was very similar to that measured in wine 458 

(1.18) and (+)-lyoniresinol concentrations varied from 2.0 to 10.0 mg/L. The higher levels of 459 

lyoniresinol observed in these samples in comparison with values measured in wines could be 460 

due to various factors. Indeed, Cognac spirits contain higher percentage of ethanol and are aged 461 

during a longer period than wine. Moreover, a part of Cognac, called “angel share” is 462 

evaporated during barrel aging, causing a concentration of non-volatiles compounds. But this 463 

phenomenon is estimated between 2 and 4% per year, so its influence on lyoniresinol content 464 

seems to be limited and not sufficient to explain the values showed in Fig. 4 [30]. 465 

Furthermore, as Cognacs contain a higher percentage of ethanol and are aged for a longer period 466 

than wine, which could explain the higher levels of lyoniresinol observed in these samples. As 467 

a Cognac is a result of a blend of several “eaux-de-vie” from different vintages, the inter-sample 468 

variations could partly be related to the mean age of the sample. To examine the influence of 469 

aging time on lyoniresinol release, four “eaux-de-vie” that had been aged for different periods 470 

(from 4 to 20 years) were taken directly from barrels without any blending (Fig. 4).  471 
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An increase in total lyoniresinol was observed over time while the enantiomeric ratio remained 472 

stable. Thus, (+)-lyoniresinol varied from 3.2 to 8.2 mg/L and appeared to be continuously 473 

released during the oak aging of spirits. Despite the release of this bitter compound, spirits are 474 

known to improve during oak aging. Other taste-active molecules such as quercotriterpenosides 475 

[31,32] could therefore be released concomitantly and might modulate the effect of (+)-476 

lyoniresinol on taste balance in spirits. The determination of (+)-lyoniresinol perception 477 

threshold in spirits would clarify its gustatory effect in this matrix. 478 

 479 

Quantitation of (+)-lyoniresinol in oak wood extracts  480 

 481 

Winemakers generally aim at producing wines with low levels of bitterness so as not to 482 

depreciate the taste balance of wine. This issue is of particular economic interest for the wine 483 

industry. Previous studies have demonstrated that the concentration of oak molecules released 484 

in wine vary considerably according to cooperage parameters such as differences in the 485 

botanical origin of the oak or the degree of toasting [33–35]. Given the sensory impact of (+)-486 

lyoniresinol on bitter taste in wine, we investigated whether these technological features could 487 

have a significant influence on its content in oak wood. 488 

 489 

Influence of oak wood species on (+)-lyoniresinol content in oak wood  490 

 491 

(±)-Lyoniresinol concentration in oak wood was measured at 0.79 and 0.67 mg/g on average 492 

for sessile and pedunculate oak samples, respectively. A one-way ANOVA showed that there 493 

was no significant effect of oak species on total lyoniresinol content (p value = 0.16).  494 

Mean enantiomeric ratios were estimated at 1.09 for sessile and at 0.99 for pedunculate samples, 495 

suggesting that (+)-lyoniresinol and (−)-lyoniresinol were present as a racemic mixture in oak 496 

wood, as shown in Fig. 5. Similar results were reported previously for Q. robur [24] and for Q. 497 

petraea [25]. No significant difference in (+)-lyoniresinol content was observed between 498 

species by an ANOVA analysis (p value = 0.07). Indeed, lyoniresinol enantiomeric ratios 499 

displayed very high inter-individual variations within species, varying from 0.56 to 1.43 and 500 

from 0.36 to 1.45 for sessile and pedunculate oak, respectively. As a result, (+)-lyoniresinol 501 

was observed from 0.14 to 0.60 mg/g and from 0.12 to 0.52 mg/g in sessile and pedunculate 502 

oak, respectively. Such inter-individual variations have been previously observed in both 503 

species for other compounds such as β-methyl-γ-octalactone [36], ellagitannins [37], or 504 
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triterpenoids [26]. In a next study, investigations could focus on the influence of geographical 505 

origin on the lyoniresinol enantiomeric composition of oak wood. 506 

 507 

Influence of wood toasting temperature on (+)-lyoniresinol content  508 

 509 

The analysis of oak wood chips toasted at different temperatures showed that (±)-lyoniresinol 510 

remained stable up to 200 °C, but might be slightly degraded around 250 °C. This result was in 511 

agreement with a previous study that described a decrease in (±)-lyoniresinol concentration at 512 

250 °C [35]. However, statistical analysis did not reveal any significant changes in (+)-513 

lyoniresinol content between the control oak wood modality and those toasted from 140 to 250 514 

°C (Fig. 6). This lack of significance could be partly due to the high interreplicate variability at 515 

each temperature attributable to the heterogeneity of the wood chips used for each soaking 516 

modality.  517 

To offset this heterogeneity, some staves were selected for their similar (±)-lyoniresinol content 518 

and were toasted only on their inner side, as is the case in the cooperage industries for barrel 519 

making. Samples were collected on both the inner and outer sides of these staves and (+)-520 

lyoniresinol was quantitated. The results showed a very low standard deviation allowing a more 521 

advanced investigation of the toasting effect. Statistical analysis did not show any significant 522 

difference between the inner and the outer side of the staves either for total lyoniresinol (p value 523 

= 0.62) or for (+)-lyoniresinol mean concentrations (p value = 0.83) (0.79 mg/g for inner side 524 

and 0.80 mg/g for outer side) as shown in Fig. 7.  525 

Thus, the cooperage parameters used here did not have any significant impact on (+)-526 

lyoniresinol concentration. 527 

 528 

Conclusion  529 

 530 

Lyoniresinol is a bitter lignan released from oak wood during wine aging. While previous works 531 

have shown that it is racemic in oak wood, only its dextrorotatory enantiomer exhibits bitterness 532 

but its concentrations in wines and spirits remained unknown. To assay this taste-active 533 

enantiomer, a two-step quantitation method using LC-HRMS was designed. First, the total 534 

lyoniresinol content was measured on a classical C18 UHPLC-HRMS set-up. Then, the precise 535 

enantiomeric ratio of lyoniresinol was determined by means of sample purification on SPE 536 

followed by CSP LC-HRMS analysis. The key parameters were investigated and, after 537 
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validation of the method, (+)-lyoniresinol was quantitated with precision in three distinct 538 

matrices: wines, spirits, and oak wood. An overview of (+)-lyoniresinol in wine was obtained 539 

for the first time by the analyzing 69 commercial red and white wines from various vintages 540 

from over more than one century and from distinct areas. Almost all the values were above the 541 

perception threshold of (+)-lyoniresinol, which was determined to be 0.46 mg/L. Consequently, 542 

this work demonstrates that (+)-lyoniresinol has a significant impact on wine taste balance by 543 

increasing its bitterness. Furthermore, high concentrations of (+)-lyoniresinol have been 544 

observed in commercial Cognac (up to 10 mg/L), and the analysis of oaked “eaux-de-vie” from 545 

different aging periods suggests that it is released continuously during barrel aging. Finally, the 546 

study of cooperage parameters showed that (+)-lyoniresinol concentrations are not influenced 547 

by the botanical origin of oak or by toasting. (+)-lyoniresinol concentrations cannot therefore 548 

be adjusted by modulating these technical parameters.  549 

The methodological development presented here offers new insights into the finer 550 

understanding of the molecular origin of wine taste by unraveling the differential contribution 551 

of lyoniresinol enantiomers. A similar analytical strategy could be applied to other wine and 552 

food active compounds with stereochemical diversity.  553 



19 
 

Acknowledgments  554 

 555 

Seguin-Moreau, Remy-Martin, France Agrimer, and CIVB are kindly thanked for financial 556 

support. BC’s grant was provided by Fondation Jean Poupelain. The authors acknowledge Ray 557 

Cooke for copyediting the manuscript. The authors are also very grateful to Dr. A. Prida and 558 

Dr. J.-C. Mathurin for providing samples.  559 

 560 

Compliance with ethical standards  561 

Conflict of interest: The authors declare that they have no competing interest.  562 



20 
 

References  563 

 564 

1. Flack HD. Louis Pasteur’s discovery of molecular chirality and spontaneous resolution in 565 

1848, together with a complete review of his crystallographic and chemical work. Acta 566 

Crystallogr Sect A: Found Crystallogr. 2009;65(Pt 5):371–89. doi:10.1107/ 567 

s0108767309024088.  568 

2. Porter WH. Resolution of chiral drugs. Pure Appl Chem 1991;1119.  569 

3. Sharpless KB. Searching for new reactivity (nobel lecture). Angew Chem Int Ed. 570 

2002;41(12):2024–32.  571 

4. Kagan HB. Chiral ligands for asymmetric catalysis. Asymmetric Synth. 2012;1–39. 5. 572 

Kenyon BM, Browne F, D’Amato RJ. Effects of thalidomide and related metabolites in a mouse 573 

corneal model of neovascularization. Exp Eye Res. 1997;64(6):971–8. 574 

doi:10.1006/exer.1997.0292.  575 

6. Bernreuther A, Epperlein U, Koppenhoefer B. In techniques for analyzing food aroma. 576 

Dekker: New York ed; 1997.  577 

7. Piutti A. Una nuova specie di asparagine. L’Orosi–Giornale di Chimica Farmacia e Scienze 578 

Affini. 1886:198-202. 579 

8. Ottinger H, Soldo T, Hofmann T. Discovery and structure determination of a novel maillard-580 

derived sweetness enhancer by application of the Comparative Taste Dilution Analysis (cTDA). 581 

J Agric Food Chem. 2003;51(4):1035–41. doi:10.1021/jf020977i.  582 

9. Ribéreau-Gayon P, Dubourdieu D, Donèche B, Lonvaud A. Handbook of enology, the 583 

microbiology of wine and vinifications. 2nd ed. Chichester: Wiley; 2006.  584 

10. Marchal A, Cretin BN, Sindt L, Waffo-Téguo P, Dubourdieu D. Contribution of oak lignans 585 

to wine taste: chemical identification, sensory characterization and quantification. Tetrahedron. 586 

2015;71(20):3148–56. doi:10.1016/j.tet.2014.07.090.  587 

11. Marchal A, Waffo-Téguo P, Génin E, Mérillon JM, Dubourdieu D. Identification of new 588 

natural sweet compounds in wine using centrifugal partition chromatography-gustatometry and 589 

Fourier transform mass spectrometry. Anal Chem. 2011;83(24):9629–37. doi: 590 

10.1021/ac202499a.  591 

12. Tominaga T, Blanchard L, Darriet P, Dubourdieu D. A powerful aromatic volatile Thiol, 2-592 

Furanmethanethiol, exhibiting roast coffee aroma in wines made from several Vitis vinifera 593 

grape varieties. J Agric Food Chem. 2000;48(5):1799–802. doi:10.1021/jf990660r.  594 



21 
 

13. Chassaing S, Lefeuvre D, Jacquet R, Jourdes M, Ducasse L, Galland S, et al. 595 

Physicochemical studies of new anthocyanoellagitannin hybrid pigments: about the origin of 596 

the influence of oak C-Glycosidic ellagitannins on wine color. Eur J Org Chem. 597 

2010;2010(1):55–63. doi:10.1002/ejoc.200901133.  598 

14. Glabasnia A, Hofmann T. Sensory-directed identification of tasteactive ellagitannins in 599 

American (Quercus alba L.) and European Oak Wood (Quercus robur L.) and quantitative 600 

analysis in Bourbon Whiskey and Oak-Matured Red Wines. J Agric Food Chem. 601 

2006;54(9):3380–90. doi:10.1021/jf052617b.  602 

15. Herve Du Penhoat CLM, Michon VMF, Peng S, Viriot C, Scalbert A, Gage D. Structural 603 

elucidation of new dimeric ellagitannins from Quercus robur L roburins A-E. J Chem Soc. 604 

1991;7:1653–60. doi: 10.1039/P19910001653. 605 

16. Lytra G, Tempere S, de Revel G, Barbe J-C. Distribution and organoleptic impact of Ethyl 606 

2-Hydroxy-4-methylpentanoate enantiomers in wine. J Agric Food Chem. 2012;60(6):1503–9. 607 

doi:10. 1021/jf204378u.  608 

17. Tominaga T, Niclass Y, Frérot E, Dubourdieu D. Stereoisomeric distribution of 3-609 

mercaptohexan-1-ol and 3-mercaptohexyl acetate in dry and sweet white wines made from Vitis 610 

vinifera (var. Sauvignon blanc and Semillon). J Agric Food Chem. 2006;54(19):7251–5. 611 

doi:10.1021/jf061566v.  612 

18. Pons A, Lavigne V, Landais Y, Darriet P, Dubourdieu D. Distribution and organoleptic 613 

impact of Sotolon enantiomers in dry white wines. J Agric Food Chem. 2008;56(5):1606–10. 614 

doi: 10.1021/jf072337r.  615 

19. Lund ST, Bohlmann J. The molecular basis for wine grape quality-a volatile subject. 616 

Science. 2006;311(5762):804–5. doi:10.1126/ science.1118962.  617 

20. Hufnagel JC, Hofmann T. Orosensory-directed identification of astringent mouthfeel and 618 

bitter-tasting compounds in red wine. J Agric Food Chem. 2008;56(4):1376–86. 619 

doi:10.1021/jf073031n.  620 

21. Muñoz-González C, Rodríguez-Bencomo J, Moreno-Arribas MV, Pozo-Bayón MÁ. 621 

Beyond the characterization of wine aroma compounds: looking for analytical approaches in 622 

trying to understand aroma perception during wine consumption. Anal Bioanal Chem. 623 

2011;401(5):1497–512. doi:10.1007/s00216-011-5078-0.  624 

22. Ilisz I, Berkecz R, Péter A. Application of chiral derivatizing agents in the high-performance 625 

liquid chromatographic separation of amino acid enantiomers: a review. J Pharm Biomed Anal. 626 

2008;47(1):1–15. doi:10.1016/j.jpba.2007.12.013.  627 



22 
 

23. Rahman MDA, Katayama T, Suzuki T, Nakagawa T. Stereochemistry and biosynthesis of 628 

(+)-lyoniresinol, a syringyl tetrahydronaphthalene lignan in Lyonia ovalifolia var. elliptica I: 629 

isolation and stereochemistry of syringyl lignans and predicted precursors to (+)-lyoniresinol 630 

from wood. J Wood Sci. 2007;53(2):161–7. doi:10.1007/s10086-006-0832-1.  631 

24. Nabeta K, Yonekubo J, Miyake M. Phenolic compounds from the heartwood of European 632 

oak (Quercus robur L.) and brandy. J Japan Wood Res Soc. 1987;33:408–15.  633 

25. Cretin BN, Sallembien Q, Sindt L, Daugey N, Buffeteau T, WaffoTeguo P, et al. How 634 

stereochemistry influences the taste of wine: isolation, characterization and sensory evaluation 635 

of lyoniresinol stereoisomers. Anal Chim Acta. 2015;888:191–8. doi:10.1016/j. 636 

aca.2015.06.061.  637 

26. Marchal A, Prida A, Dubourdieu D. New approach for differentiating sessile and 638 

pedunculate oak: development of a LC-HRMS method to quantitate triterpenoids in wood. J 639 

Agric Food Chem. 2016;64(3):618–26. doi:10.1021/acs.jafc.5b05056.  640 

27. De Paepe D, Servaes K, Noten B, Diels L, De Loose M, Van Droogenbroeck B, et al. An 641 

improved mass spectrometric method for identification and quantification of phenolic 642 

compounds in apple fruits. Food Chem. 2013;136(2):368–75. doi:10.1016/j. 643 

foodchem.2012.08.062.  644 

28. ISO. NF ISO 8587:2007. Sensory analysis. Methodology. Ranking: Switzerland: 645 

International Organization for standardization; 2007.  646 

29. ISO. NF EN ISO 4120:2007. Sensory analysis. Methodology. Triangle test. Geneva: 647 

International Organization for standardization; 2007.  648 

30. Lafon J, Couillud P, Gaybellile F. Le cognac. Paris: J.B. Baillière; 1973.  649 

31. Marchal A, Pons A, Lavigne V, Dubourdieu D. Contribution of oak wood ageing to the 650 

sweet perception of dry wines. Aust J Grape Wine Res. 2013;19(1):11–9. 651 

doi:10.1111/ajgw.12013. 652 

32. Marchal A, Génin E, Waffo-Téguo P, Bibès A, Da Costa G, Mérillon J-M, et al. 653 

Development of an analytical methodology using Fourier transform mass spectrometry to 654 

discover new structural analogs of wine natural sweeteners. Anal Chim Acta. 2015;853:425–655 

34. doi:10.1016/j.aca.2014.10.039.  656 

33. Chatonnet P, Boidron J, Pons M. Effect on heat on oak wood and its chemical composition. 657 

Part 2. Variations of certain compounds in relation to toasting intensity. Conn Vigne Vin. 658 

1989;23(4):223–50.  659 

34. Mosedale JR, Puech J-L, Feuillat F. The Influence on wine flavor of the oak species and 660 

natural variation of heartwood components. Am J Enol Vitic. 1999;50(4):503–12.  661 



23 
 

35. Sarni F, Moutounet M, Puech JL, Rabier P. Effect of heat treatment of oak wood extractable 662 

compounds. Holzforschung. 1990;44(6): 461–6. doi:10.1515/hfsg.1990.44.6.461.  663 

36. Prida A, Ducousso A, Petit R, Nepveu G, Puech J-L. Variation in wood volatile compounds 664 

in a mixed oak stand: strong species and spatial differentiation in whisky-lactone content. Ann 665 

For Sci. 2007;64(3):313–20. doi:10.1051/forest:2007008.  666 

37. Prida A, Boulet J-C, Ducousso A, Nepveu G, Puech J-L. Effect of species and ecological 667 

conditions on ellagitannin content in oak wood from an even-aged and mixed stand of Quercus 668 

robur L. and Quercus petraea Liebl. Ann For Sci. 2006;63(4):415–24. doi: 669 

10.1051/forest:2006021.670 



24 
 

Tables 

 

Table 1 Ionization and spectrometric conditions for HRMS analyses 

 
a Sheath gas and auxiliary gas flows (both nitrogen) are expressed in arbitrary units 
b Resolution m/Δm, fwhmat m/z 200 Th 
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Table 2 Validation parameters for HRMS quantitation of (±)-lyoniresinol in oak wood and spirits 

 
a Instrumental detection limit (IDL) was determined as the lowest concentration with precision lower than, e.g., 10% and accuracy higher than, 

e.g., 90%. Instrumental quantitation limit (IQL) was defined as two times the IDL. Limits of detection and quantitation (LOD and LOQ) were 

calculated respectively from IDL to IQL by considering the wood concentration of macerates and the dilution factor used for sample preparation 
b The experimental mass used for the determination of mass accuracy was the main mass measured for the target compound all over the 

chromatographic peak. The value given in the table was the maximum deviation observed within all calibration solutions 
c Injections of five replicates at two concentrations (50 and 500 μg/L) 
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Table 3 Presence of (+)-lyoniresinol and (−)-lyoniresinol in 59 red and 10 white wines 
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Figures 

 

 
Fig. 1 Chemical structures of (8R, 8′R, 7′S)-(+)-lyoniresinol (a) and (8S, 8′S, 7′R)-(−)-

lyoniresinol (b) (absolute configuration) 

 

 

 

 

 

 
Fig. 2 Negative LC-HRMS XIC of an oak wood macerate corresponding to C22H27O8− ion (m/z 

419.1712 with a 3 ppm accuracy) 
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Fig. 3 Variations in (+)-lyoniresinol and (−)-lyoniresinol content in different vintages of a 

Médoc red estate from 1911 to 2004 (a) and different vintages of a Graves white estate from 

1998 to 2006 (b). Error bars indicate 95% confidence intervals 

 

 

 

 

 

 

 
Fig. 4 Concentrations of lyoniresinol enantiomers in “eaux-de-vie” aged for 4, 6, 10, and 20 

years. Error bars indicate 95% confidence intervals 
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Fig. 5 (+)-Lyoniresinol and (−)-lyoniresinol concentrations in sessile and pedunculate oak 

wood samples. Error bars indicate 95% confidence intervals 

 

 

 

 

 

 
Fig. 6 Evolution of (+)-lyoniresinol and (−)-lyoniresinol concentrations at various oak wood 

toasting temperatures (from 140 to 250 °C). Error bars indicate 95% confidence intervals 
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Fig. 7 (+)-Lyoniresinol and (−)-lyoniresinol concentrations on the inner and outer sides of oak 

wood staves. Error bars indicate 95% confidence intervals 


