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instructed the participant regarding the part of the anatomy to which they should direct their attention
(i.e., “on the tongue”), using an illustration of the sagittal plane of the head with the name of the part
labeled (a display is shown in Figure 1). Next, the participant placed a cracker into their mouth to clean
the oral cavity and continued masticating it for 15 s before the screen was switched. The participant
swallowed the cracker remaining in their oral cavity, and then held 10 mL of mineral water in their mouth.
After they transferred the water into the oral cavity, they swallowed it. The participant took 5 mL of
sample in their mouth, which they held without swallowing, and then placed the index finger of their right
hand into the ring of the time–intensity evaluation system. A countdown was displayed three seconds
before the screen showed visual feedback about perceived intensity. The participant swallowed the
sample in their mouth at the same time that the countdown reached 0 s and started the time–intensity
evaluation of sweetness.

Figure 1. Outline of the time–intensity evaluation system. Participants evaluated perceived intensity
by operating a pull-ring, which was a component of the evaluation system. The movable range of the
ring was limited to 10 cm by a stopper. Positional information of the ring, synonymous with spring
tension, was measured by a load cell, with output expressed as voltage. After the output voltage was
amplified, it was subjected to analog-to-digital (A/D) conversion on a microprocessor at a frequency
of 1 kHz. Average voltage was calculated in time windows of 50 milliseconds, and then output to a
personal computer via a serial port as a digital value corresponding to a six-point magnitude scale
of perceived intensity. To provide visual feedback in real time, the value of perceived intensity was
displayed on a liquid crystal display (LCD) monitor as a black bar on a six-point magnitude scale
(0: “not detectable” to 5: “very strong”). Furthermore, to inform the participant of the time remaining
in the evaluation, an indicator of the extent of progress was shown on the screen.

For each sample, participants evaluated perceived intensity over 150 s. We instructed each participant
to express the perceived intensity of sweetness by freely operating the pull-ring component of the
evaluation system. Participants were not told the length of the evaluation time (i.e., how long they were
to evaluate perceived intensity). Instead, to inform the participant of the time remaining in each trial,
the screen displayed an indicator showing the extent of progress.

2.5. Analysis

In this study, we regarded the time when the screen was switched to visual feedback of perceived
intensity as the starting point of the time–intensity evaluation (i.e., 0 s). We divided the evaluation period
from 0 s to 150 s into 75 windows of 2 s each, and calculated the average perceived intensity in each time
window. We conducted statistical analysis using these average values.

To investigate whether temporal profiles of sweetness differed among the three types of samples
(sucrose-sweetened, sucrose-sweetened, and acesulfame K–sweetened samples), two-way repeated
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measures analysis of variance (ANOVA) for each solvent session (coffee beverage and water solution
sessions) was performed for average values of perceived intensity, with sweetener and time as
within-subject factors. Simple effects tests were conducted based on the significance of results obtained
with ANOVA. Additionally, when temporal profiles of sweetness did not differ among three types of
coffee beverages, we performed two-way repeated measures ANOVA for each sweetener for the average
values of perceived intensity, with solvent session and time as within-subject factors.

We used IBM SPSS Statistics 23 (IBM Japan, Tokyo, Japan) for statistical analysis, and considered
p values less than 0.05 as statistically significant.

3. Results

3.1. Comparison of Temporal Profiles of Sweetness among Samples in Each Solvent Session

3.1.1. Sweetened Coffee Beverage

The temporal profiles of sweetness of each sweetened coffee beverage are shown in Figure 2.
Two-way repeated measures ANOVA revealed a significant main effect of time (F [74, 6882] = 326.78,
p < 0.001).

Figure 2. Temporal profiles of sweetness of each sweetened coffee beverage. Temporal profiles of
sweetness were obtained for 150 s after participants swallowed sweetened coffee beverages.

3.1.2. Sweetener in Water Solution

The temporal profiles of sweetness of each sweetener in water solution are shown in
Figure 3. Two-way repeated measures ANOVA revealed significant main effects of sweetener
(F [2, 186] = 10.81, p < 0.001) and time (F [74, 6882] = 304.68, p < 0.001), and a significant interaction
between sweetener and time (F [148, 13764) = 4.74, p < 0.001). The results of simple effects tests
for interaction revealed significant simple main effects of sweetener in 74 time windows (medians
of each time window = 3–149 s), and significant simple main effects of time for all sweeteners (p < 0.05).
Multiple comparisons of the significant simple main effects of sweetener in those time windows,
performed using the Ryan method, revealed significant differences between sucrose and sucralose
in 63 time windows (medians = 25–149 s), between sucrose and acesulfame K in 25 time windows
(medians = 3–15 s, 71–77 s, and 81–107 s), and between sucralose and acesulfame K in 40 time windows
(medians = 3–81 s) (p < 0.05; for further details, see in Table 1). These results indicated that in some
time windows, the perceived intensity of sweetness was significantly higher for sucralose-sweetened
water solution than for sucrose-sweetened water solution, for acesulfame K–sweetened water solution
than for sucrose-sweetened water solution, for sucrose-sweetened water solution than for acesulfame
K–sweetened water solution, or for sucralose-sweetened water solution than for acesulfame K–sweetened
water solution.
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Figure 3. Temporal profiles of sweetness of each sweetener in water solution. Temporal profiles of
sweetness were obtained for 150 s after participants swallowed sweetened water solutions.

Table 1. Results of sweetener in water solution: multiple comparisons for the significant simple main
effects of sweetener in 74 time windows.

Time (s) Sucrose Sucralose Acesulfame K Time (s) Sucrose Sucralose Acesulfame K

3 2.78 a 2.81 a 2.56 b 77 0.89 a 1.23 b 1.06 c

5 3.43 a 3.44 a 3.16 b 79 0.86 a 1.19 b 1.02 a

7 3.44 a 3.45 a 3.16 b 81 0.82 a 1.15 b 0.99 c

9 3.28 a 3.34 a 3.03 b 83 0.78 a 1.11 b 0.97 b

11 3.10 a 3.21 a 2.88 b 85 0.75 a 1.09 b 0.95 b

13 2.97 a 3.05 a 2.76 b 87 0.72 a 1.06 b 0.93 b

15 2.85 a 2.92 a 2.67 b 89 0.69 a 1.02 b 0.90 b

17 2.71 a,b 2.81 a 2.56 b 91 0.67 a 0.99 b 0.89 b

19 2.60 a,b 2.71 a 2.46 b 93 0.64 a 0.95 b 0.85 b

21 2.51 a,b 2.62 a 2.36 b 95 0.62 a 0.90 b 0.81 b

23 2.41 a,b 2.54 a 2.30 b 97 0.59 a 0.87 b 0.79 b

25 2.30 a 2.46 b 2.23 a 99 0.56 a 0.84 b 0.76 b

27 2.20 a 2.41 b 2.16 a 101 0.53 a 0.82 b 0.74 b

29 2.11 a 2.35 b 2.11 a 103 0.53 a 0.79 b 0.71 b

31 2.04 a 2.31 b 2.04 a 105 0.51 a 0.76 b 0.68 b

33 1.97 a 2.25 b 1.97 a 107 0.49 a 0.75 b 0.66 b

35 1.90 a 2.18 b 1.91 a 109 0.48 a 0.73 b 0.63 a,b

37 1.86 a 2.12 b 1.84 a 111 0.47 a 0.71 b 0.60 a,b

39 1.77 a 2.07 b 1.80 a 113 0.45 a 0.69 b 0.58 a,b

41 1.70 a 2.03 b 1.73 a 115 0.43 a 0.67 b 0.56 a,b

43 1.63 a 2.00 b 1.67 a 117 0.42 a 0.66 b 0.54 a,b

45 1.59 a 1.94 b 1.61 a 119 0.41 a 0.65 b 0.53 a,b

47 1.55 a 1.89 b 1.57 a 121 0.39 a 0.63 b 0.50 a,b

49 1.49 a 1.84 b 1.54 a 123 0.36 a 0.61 b 0.48 a,b

51 1.45 a 1.80 b 1.51 a 125 0.34 a 0.59 b 0.47 a,b

53 1.42 a 1.74 b 1.46 a 127 0.32 a 0.57 b 0.46 a,b

55 1.37 a 1.68 b 1.43 a 129 0.30 a 0.56 b 0.45 a,b

57 1.33 a 1.64 b 1.40 a 131 0.29 a 0.55 b 0.44 a,b

59 1.27 a 1.60 b 1.36 a 133 0.28 a 0.52 b 0.42 a,b

61 1.23 a 1.56 b 1.33 a 135 0.28 a 0.49 b 0.41 a,b

63 1.17 a 1.51 b 1.27 a 137 0.27 a 0.48 b 0.41 a,b

65 1.12 a 1.46 b 1.23 a 139 0.26 a 0.47 b 0.41 a,b

67 1.07 a 1.42 b 1.20 a 141 0.26 a 0.46 b 0.40 a,b

69 1.03 a 1.38 b 1.17 a 143 0.25 a 0.45 b 0.40 a,b

71 0.99 a 1.33 b 1.15 c 145 0.24 a 0.44 b 0.39 a,b

73 0.95 a 1.29 b 1.12 c 147 0.24 a 0.43 b 0.38 a,b

75 0.92 a 1.26 b 1.09 c 149 0.23 a 0.42 b 0.37 a,b

Values for each time window are medians (e.g., 1 s means the time window from 0–2 s), and values for each
sweetener are sweetness intensities. In each time window, values with same letters did not differ statistically, but
values with different letters differed significantly with p < 0.05.
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3.2. Comparison of Temporal Profiles between Solvent Sessions for Each Sweetener

3.2.1. Sucrose

Two-way repeated measures ANOVA revealed significant main effects of solvent session
(F [1, 93] = 41.28, p < 0.001) and time (F [74, 6882] = 344.18, p < 0.001), and a significant interaction
between solvent session and time (F [74, 6882] = 4.74, p < 0.001). The results of simple effects tests for
interaction revealed significant simple main effects of solvent session in 70 time windows (medians
of each time window = 11–149 s) and significant simple main effects of time in both solvent sessions
(p < 0.05). These results indicated that in some time windows, the perceived intensity of sweetness was
significantly higher for sucrose-sweetened coffee beverage than for sucrose-sweetened water solution.

3.2.2. Sucralose

Two-way repeated measures ANOVA revealed significant main effects of solvent session
(F [1, 93] = 16.72, p < 0.001) and time (F [74, 6882] = 301.38, p < 0.001), and a significant interaction
between solvent session and time (F [74, 6882] = 2.43, p < 0.001). The results of simple effects
tests for interaction revealed significant simple main effects of solvent session in 64 time windows
(medians of each time window = 9–129 s and 133–137 s) and significant simple main effects of time
in both solvent sessions (p < 0.05). These results indicated that in some time windows, the perceived
intensity of sweetness was significantly higher for sucralose-sweetened coffee beverage than for
sucralose-sweetened water solution.

3.2.3. Acesulfame K

Two-way repeated measures ANOVA revealed significant main effects of solvent session
(F [1, 93] = 36.17, p < 0.001) and time (F [74, 6882] = 300.36, p < 0.001), and a significant interaction
between solvent session and time (F [74, 6882] = 4.48, p < 0.001). The results of simple effects tests for
interaction revealed significant simple main effects of solvent session in 67 time windows (medians
of each time window = 3–135 s) and significant simple main effects of time in both solvent sessions
(p < 0.05). These results indicated that in some time windows, the perceived intensity of sweetness was
significantly higher for acesulfame K–sweetened coffee beverage than for acesulfame K–sweetened
water solution.

4. Discussion

4.1. Temporal Profiles of Sweetness of Sweetened Coffee Beverages

In this study, untrained panelists performed a time–intensity evaluation of sweetness using
three coffee beverages and three water solutions. Temporal profiles of sweetness followed similar
traces among all coffee beverages. To explain this result, we propose the following hypotheses.
First, differences among sweeteners may have been masked by factors other than the sweetness of the
sweeteners contained in the coffee beverages. This hypothesis would be supported by the observation
of significant differences among sweeteners in the time–intensity evaluation of the sweetness of water
solutions. Second, untrained panelists might be unable to perceive differences among sweeteners
when performing a time–intensity evaluation of the sweetness of coffee beverages or water solutions.
However, this second hypothesis was not supported because temporal profiles significantly differed
among the water solutions, leaving the first hypothesis as a potential explanation. To further test the
validity of the first hypothesis, for each sweetener we compared the temporal profiles of sweetness
between a coffee beverage and a water solution. The results demonstrated that for all sweeteners,
the temporal profile was significantly higher for the coffee beverage than for the water solution.
In other words, factors other than the sweetness of a sweetener might affect the temporal profiles of
sweetness of coffee beverages.
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The following factors might affect the temporal profiles of sweetness of the coffee beverages.
The first candidate is the sweetness of milk [37–39]. We hypothesized that the sweetness of the water
solutions was derived only from sweetener, whereas the sweetness of the coffee beverages was derived
from the addition of milk or the synergy between sweetener and milk. The second candidate is
the aroma of milk [40–44]. We hypothesized that addition of milk caused a decrease in coffee-like
aroma [45,46] and an increase in sweet aroma [47], thereby enhancing the sweetness. The third
candidate is the “halo-damping effect” [48–50] of sensory attributes other than sweetness. When a
participant performs psychophysical evaluation of a single sensory attribute per trial, the evaluation
value might be biased by the effects of sensory attributes other than the one to which they were
instructed to pay attention [13,14]. Therefore, we hypothesized that because participants performed
a time–intensity evaluation of only sweetness in this study, the perceived intensity of sweetness
increased due to the halo-damping effect. The fourth candidate is the novelty of the coffee beverages.
We hypothesized that due to the use of unreleased products in this study, the novelty of the coffee
beverages distracted the untrained panelists and prevent them from discriminating sweetness among
sweeteners. The fifth candidate is the interactions between the sweetener and other ingredients.
We hypothesized that such effects elicited a bitter taste. The sixth candidate is the viscosity of coffee
beverages. Because coffee beverages are more viscous than water solutions, sweeteners contained in
coffee beverages might bind more strongly to taste receptors, and might not be washed out as rapidly
by the saliva. We hypothesized that this phenomenon might enhance lingering sweetness. The seventh
candidate is the natural sweetness of coffee. Some reducing sugars are present in roasted coffee, so that
the water-soluble part of them may contribute to the overall flavor of the coffee [51]. We hypothesized
that the sweetness of coffee beverages was derived from the addition of a sweetener or the synergy
between sweetener and coffee.

To model the temporal profiles of sweetness of beverages containing non-nutritive sweeteners on
the temporal profiles of sweetness of sucrose-sweetened beverages, multiple non-nutritive sweeteners
are used in combination [52]. Specially, sucralose and acesulfame K have been combined in many
low-calorie foods and beverages to achieve a temporal profile of sweetness similar to that of
sucrose [53–55]. Based on this trend, in the near future, we intend to employ a time–intensity evaluation
of sweetness with untrained panelists using coffee beverages containing combinations of sucralose
and acesulfame K.

4.2. Temporal Profiles of Sweetness of Sweeteners in Water Solutions

As controls in this study, we used three types of water solutions. The temporal profiles of
sweetness significantly differed among these water solutions. This result was inconsistent with
the results of some studies reporting that the duration of sweetness does not differ among sucrose,
sucralose, and acesulfame K [17,18], and another study reporting that the duration of sweetness was
longer for sucrose than for sucrose and acesulfame K [56]. The temporal profiles of sweetness of
various sweeteners vary with concentration [57], and perceived intensities of sensory attributes differ
among untrained and trained panelists [58,59]. These factors might explain why results differed
between this and previous studies.

5. Conclusions

In this study, we investigated whether the temporal profiles of sweetness differed between an
ordinary coffee beverage containing a nutritive sweetener and low-sugar coffee beverages containing
non-nutritive sweeteners. A time–intensity evaluation of sweetness revealed that temporal profiles
followed similar traces among sucrose-, sucralose-, and acesulfame K–sweetened coffee beverages.
In other words, the result indicated that the sensory attributes of low-sugar products (coffee beverages
containing non-nutritive sweeteners) are close to those of ordinary products (coffee beverage containing
sucrose), at least from the viewpoint of lingering sweetness.
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Additionally, to investigate why temporal profiles of sweetness did not differ among the
three coffee beverages, the untrained panelists performed a time–intensity evaluation of sweetness
using three water solutions (sucrose-sweetened, sucralose-sweetened, and acesulfame K–sweetened
deionized water) as control samples. We observed significant differences among the temporal profiles
of the three water solutions, suggesting that differences in the temporal profiles of the three sweetened
coffee beverages were masked by factors other than the sweetness of the sweeteners. Because this
study was performed using untrained panelists, who represent the end users of released beverages,
the results may provide information useful for beverage development.
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Abstract: Regarding cross-modality research, taste-aroma interaction is one of the most studied areas
of research. Some studies have reported enhancement of sweetness by aroma, although it is unclear
as to whether these effects actually occur: depending on the cognitive strategy employed by panelists,
the effects may disappear, e.g., forcing panelists into an analytical strategy to control for dumping may
not be able to reveal perceptual interactions. Previous studies have largely focused on solutions and
model foods, and did not test stimuli or concentrations relevant to real food applications. This study
addresses these gaps: 18 vanilla flavored sucrose milks, varying between 0–0.75% (w/w) two-fold
vanilla, and 0–5% (w/w) sucrose, were rated by 108 panelists for liking and perceived sweetness,
vanilla flavor, milk flavor, and thickness. Interactions between vanilla and sucrose were measured
using deviations of real mixtures from additive models (via the isobole method), indicating vanilla
aroma does enhance perceived sweetness. However, the sweetness enhancing effect of vanilla aroma
was not as pronounced as that of sucrose on vanilla flavor. Measurable cross-modal interactions
occur despite using an analytical cognitive strategy. More work is needed to investigate the influence
of perceptual strategy on the degree of taste-aroma interactions in real foods.

Keywords: cross-modality; taste-aroma interactions; sweetness enhancement; vanilla flavor; flavored
milk; sugar; isoboles; synergy

1. Introduction

Flavor perception is the result of chemical and physical food properties, and how they interact
with our senses [1]. Flavor involves the integration of multiple modalities, including smell, taste, and
touch, and studying each in isolation does not reflect what humans experience during eating. As a
result, cross-modal interactions (i.e., the interaction of taste, aroma, vision, texture, and chemesthesis)
are a popular area of study in flavor research. Taste-aroma interactions are the most commonly
described interaction between sensory modalities, and occur as a result of physical, physiological,
cognitive, and psychological effects [2,3]. Research on multisensory processes, including taste-aroma
interactions, has been used to better explain the processes humans use to assess food flavor [4–6].
Due to the common confusion between smell and taste, taste perception is influenced by odor and
vice versa [7–11]. In order for perceived taste intensity to be modified by an odor (or vice versa),
not only are the method of stimulation and the instructions given important, but also the perceptual
similarity between a tastant and odorant [3,10]. As defined by Schifferstein and Verlegh [12], the extent
to which two stimuli interact in combination in a food is called congruency. Some work on taste-aroma
interactions suggested that sweetness intensity can be enhanced by a congruent odor, although many
of these studies have only been done in model sucrose solutions [7,9–11,13–21] or model foods [22–26].

Beverages 2018, 4, 73; doi:10.3390/beverages4040073 www.mdpi.com/journal/beverages15



Beverages 2018, 4, 73

Due to the complexity of food products, only a few taste-aroma interaction studies have been
conducted in real foods, such as whipped cream, milk, fruit juices, ciders, custards and cherry
drinks [7,27–30]. Although these studies moved taste-aroma interaction research into a more realistic
matrix, the concentration ranges for both the odor and the taste component used in these studies was
not always commercially relevant. This may be important since odor compounds have been shown to
impact flavor perception at both subthreshold and suprathreshold concentrations, i.e., taste-aroma
interactions have also been shown to be concentration dependent [29,31–33]. The lack of studies
in real food products over a concentration range comparable to those used in commercial products
prevents a comprehensive understanding and utilization of such cross-modal interaction phenomena
in real foods.

Fluid milk is a relatively simple food well suited for studying taste-aroma interactions. While
plain milk consumption has been on the decline, flavored milk consumption has been increasing, and
is expected to continue to grow as flavor becomes more important to consumers, notably in the US [34].
A familiar congruent aroma-taste pair in Western cultures used in numerous dairy products is vanilla
and sucrose. Vanilla is the most popular flavor for dairy applications such as yogurt and ice cream, and
is a complementary ingredient in flavored milks [35]. The combination of vanilla and sucrose is also
commonly studied in cross-modal research [36–38]; therefore, using vanilla and sucrose in a flavored
milk application increases the ecological validity of studying cross-modal interactions in foods.

Despite an abundance of literature suggesting an enhancement of perceived sweetness by a
congruent aroma (including vanilla), there are other contradictory studies as well. This discrepancy
exists because assessment of taste-aroma interactions strongly depends on the cognitive task (i.e., test
questions and instructions) used by assessors when evaluating samples. Previous studies using rating
scales have shown reduced or no mixture-induced taste enhancement when assessors are asked to
evaluate perceived sweetness as well as perceived aroma intensity [7,10]. Thus, some researchers have
attributed any sweetness enhancement to a “dumping effect” [37]. That is, when a scale for a pertinent
flavor attribute is not provided in the test (e.g., vanilla flavor), assessors will “dump” their perceptions
into another similar category (e.g., sweetness) instead, leading to an increase in attribute intensity [37].
In contrast to this analytical mindset, adopting a synthetic mindset is more in-line with real eating
behavior where the food is experienced as a whole and a hedonic and holistic evaluation of the food
occurs. In the analytical mindset, enhancement effects have been found [7,13,15,17,18,27,39], but in
many of these early studies participants did not rate the intensity of all salient product attributes (taste,
aroma, and texture), which may have resulted in dumping. This makes them somewhat inconclusive,
raising the question of whether enhancements or any interactions truly occur.

To address these unresolved questions, additional experiments that provide a full range of relevant
product attributes are needed. Several studies have found strong evidence for odor (but not taste)
enhancements in aqueous solutions and food matrices, even when controlling for dumping. For
example, Green and colleagues [30] found enhanced odor perception in solutions, vanilla custard, and
a cherry drink, by the addition of sucrose. Lim’s group [40] found a similar effect for citral and sucrose
solutions, and later [41] for citral and coffee solutions. Although these studies demonstrated that an
analytical strategy did not prevent taste-aroma interactions, their use of a sip and spit procedure is not
representative of normal eating behavior, which has been shown to influence the sensory profile of
samples, depending on the taste and flavor characteristics [42,43].

Separately, testing for interaction between mixture components also requires a different model
approach above and beyond simple significance testing of mean attribute ratings. Instead, one needs to
test whether the degree of interaction between two stimuli is above (or below) what would be predicted
in an additive model. A common approach for testing drug interactions is the isobole method [44–48].
The isobole approach uses concentrations, effects, and empirical concentration-effect relationships, and
is independent of the mechanism of interaction; instead, it is based on the concept of concentration
addition. The points on an isobole indicate the mixing values of multiple components at which a
specific quantitative effect is produced that is either synergistic, antagonistic, or simply additive.
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Isoboles have been used in a few studies to measure the interaction between food ingredients on
chemosensation [49–51]. As the isobole approach is a useful concept for evaluating the type and degree
of interactions between substances, regardless of their mechanisms of action [48], cross-modality of a
sweet tastant and a congruent aroma can thus also be described and tested with the isobole method.

This study aimed to address the gaps outlined above by: (i) conducting a dose-response
experiment in fluid milk to measure the cross-modal interactions between a sweet tastant and a
congruent aroma; (ii) using a complete concentration design space relevant for flavored milks; (iii)
controlling for potential dumping effects; and (iv) using the isobole method to measure the type and
degree of interaction.

2. Materials and Methods

2.1. Experimental Design and Sample Production

Eighteen sucrose-vanilla combinations were generated to model human sensory responses to the
various mixtures with higher-order models (Table A1). Part of the design was composed of four levels
across each of the two ingredients (in half-log steps) to generate dose-response functions for sucrose
(granulated cane sugar) in milk and vanilla in milk. Additionally, a 3 × 3 factorial design was overlaid
to create sucrose-vanilla mixtures in milk to generate the response surfaces for each sensory attribute.
Collectively, this provides a total of 17 milk samples at systematically varied combinations of vanilla
and sucrose. An additional control (plain milk) was added to bring the total number to 18. Milks
were formulated with sucrose ranging 0–5% (w/w) and two-fold vanilla extract (i.e., twice the quantity
of vanilla beans extracted in water and ethanol) ranging 0–0.75% (w/w), spanning a wide range of
sucrose and vanilla concentrations, including those used industrially [52]. Two-fold vanilla extract as
opposed to single-fold was used to minimize the amount of extractives added to the samples.

All milks were mixed with varying levels of sucrose in eight 32 kg-batches for pasteurization.
Following pasteurization, 10 kg batches of each sucrose-vanilla combination were produced for sensory
testing. Two-fold vanilla extract (David Michael & Co, now Tastepoint by International Flavors and
Fragrances; Philadelphia, PA, USA) was used as the vanilla flavor. Pasteurized skim milk (0.18%
fat, 8.91% solids) and sucrose (Golden Barrel, Honey Brook, PA, USA) were provided by the Berkey
Creamery (University Park, PA, USA). Prior to pasteurization, all amounts of milk and sugar were
pre-weighed into stainless steel milk cans and plastic tubs, respectively. On the day of pasteurization,
sugar was dissolved into one third of the milk from each milk can and then transferred back to the milk
can for further mixing with metal agitators. Sucrose-milk premixes were then blended into each milk
can by mixing with metal agitators on high speed for 10 min for complete dispersion and dissolution
of the sugar. All mixes were pasteurized (high temperature short time (HTST), APV Junior Pasteurizer,
APV Invensys, Woodstock, GA, USA) at 75 ◦C for 25 s, and homogenized (Gaulin, Lake Mills, WI,
USA) in a two-stage process at 10.3 and 3.5 mPa (2000 and 500 psi), cooled (<7 ◦C), and collected
into milk cans. From there, 13 mixes were flavored with pre-weighed vanilla extract and divided
into 17 different sucrose-vanilla combinations. Each milk was packaged into 1

2 -gallon opaque plastic
milk jugs and stored at refrigeration temperature (<5 ◦C) for 5–7 days prior to sensory testing. All 18
samples were collected for physical analysis (percent total solids and percent fat; SMART Trac, CEM
Corporation, Matthews, NC, USA) to ensure sucrose concentrations were within the required ranges.
All 18 samples were also tested for coliforms (high-sensitivity Petrifilm; 3M, Maplewood, MN, USA)
to ensure samples were suitable for human consumption. Viscosity of all milk samples was tested to
account for potential physicochemical interactions that may lead to differences in flavor perception.

The viscosity was calculated as the slope of the shear stress vs. shear strain rate flow curve with
shear strain rate ranging from 0 to 100 s−1 at 5 ◦C to mimic sample serving temperature. The flow
curves were plotted with Trios Software (TA Instruments, New Castle, DE, USA), omitting stress
overshoot/noise at low shear strain rate (0 to 15 s−1). Two measurements for each sample were taken
on a Discovery H3 Hybrid rheometer (TA Instruments, New Castle, DE, USA), equipped with a double
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wall concentric cylinder (inner diameter 40.77 mm, outer diameter 43.88 mm, cup diameter 30.21 mm;
Table A1).

2.2. Consumer Acceptability and Intensity Ratings

A central location test was conducted with 108 participants (women = 76, age = 19–71) over three
days; panelists tasted six milk samples per day in complete block design. Sample presentation was
counterbalanced across panelists using a modified Williams-Latin Square design, presenting each
sample at each position 6–7 times, and all 18 samples were served on each day to avoid potential
confounding between samples and test days. Approximately 45–50 mL of milk were poured into
3.25-oz. (~96 mL) plastic cups (Fabri-Kal, Kalamazoo, MI, USA) and lidded; cups were labeled with
random three-digit blinding codes. All data were collected with Compusense Cloud (Compusense
Inc., Guelph, ON, Canada).

Participants were screened for dietary restrictions, food allergies and product use (i.e., those
who consumed skim or 1% milk at least once a week, and indicated they would be interested in
tasting vanilla flavored milk). Procedures were exempted from institutional review board review
by professional staff in the Penn State Office of Research Protections under the wholesome foods
exemption in 45 CFR 46.101(b) (protocol number 33164). Participants provided informed consent
prior to testing and were compensated for their time. All samples were served at 5 ◦C and tasted in
individual tasting booths under red light and at ambient temperature (~21–22 ◦C). Panelists were
given deionized water at room temperature (20 ◦C) to rinse before and in between each sample. Degree
of liking for each sample was measured first on a nine-point hedonic scale, with labels for each value
ranging from “like extremely” to “dislike extremely” [53]. Panelists then rated the perceived intensities
for sweetness, vanilla flavor, milk flavor, and thickness on an unstructured line scale (valued from 0 to
100), anchored with “very weak” on the left and “very strong” on the right.

2.3. Statistical Analysis

Data were analyzed using R (version 3.3.3) [54] and RStudio (version 1.1.453, Boston, MA,
USA). A two-way Analysis of Variance (ANOVA) (p < 0.05) with all two-way interactions for sucrose
and vanilla as fixed effects on viscosity and all sensory attributes was conducted, and followed by
calculation of Tukey’s honestly significant differences (HSD) with the agricolae package (version
1.2-8) [55]. The rsm package (version 2.8) [56] was used to create 3D response-surface plots of percent
sucrose, percent vanilla, and each sensory attribute, modelling up to a second-order regression model
by multiple linear regression, and using unaveraged responses from each assessor. Final equations
were chosen based on lack of fit testing (p > 0.05), variance explained and overall fit [57]. Using
the isobole approach [58], the degree of interaction between sucrose and vanilla was calculated for
perceived sweetness ratings. According to the criteria set by Suhnel, I = 1 indicates no interaction, I < 1
indicates synergism, and I > 1 indicates antagonism. In the equation, “ci” denotes the concentration of
component “i” in the mixture, and “Ci” represents the concentration of “i” that would individually
produce the same intensity as the mixture, calculated from the corresponding dose-response functions
of vanilla-only and sucrose-only milks as found by multiple linear regression of the non-mixture
samples. Since the milk samples consist of sucrose and vanilla, the general equation can be rewritten as:

[% Sucrose in mixture][
% Sucrose to achieve same sweetness

as in mixture

] +
[% Vanilla in mixture][

% Vanilla to achieve same sweetness
as in mixture

] = I (1)

Three-dimensional isobolograms were generated for perceived sweetness using OriginPro (Origin
Lab Corporation, version 2017 64-bit 94E, Northampton, MA, USA). To generate these plots, linear
regression on the sweetness ratings found for the vanilla-only and sucrose-only samples was applied
to generate a 3D sweetness plane. The mean attribute ratings for each of the sucrose-vanilla mixtures

18



Beverages 2018, 4, 73

were then plotted onto the plane. Any points above the plane indicate synergism, while any values
that fall below the plane are indicative of antagonism, and any that contact the plane indicate no
interaction. Variation within the I values was accounted for by establishing a range of 0.9 < I < 1.1
(=±10%) as the zero-interaction criterion, similar to Fleming et al. [49].

3. Results

3.1. Physical Characterization

Overall, milk samples differed significantly in instrumental viscosity (p < 0.05), but only between
the highest (5%) and lowest (0%) sucrose concentrations (Table A1). The observed viscosity differences
were minor compared to the other factors, and were reflected in the sensory measurement of thickness,
which also only differed significantly between the same high and low sucrose samples (Table A1).

3.2. Response Surface Models for Vanilla-Sucrose Milks

Three-dimensional response surface models were created for overall liking and perceived
sweetness, vanilla flavor, milk flavor, and thickness (Figure 1). In general, the experimental design
space used here was effective in quantifying potential interactions between sucrose and vanilla and
their effects on sweet taste and liking in milk across a wide range of concentrations. Sweet taste,
milk flavor, and thickness were all sufficiently modeled by a first-order model, indicating a linear
relationship, while for overall liking and perceived vanilla flavor intensity a second-order model best
represented the observed responses. Second-order models for liking and vanilla flavor perception
were expected as both often follow an inverted U-shaped optimum: at too high sugar concentrations
a product becomes too sweet for consumers. Likewise, vanilla dosing can have a strong effect on its
flavor profile. Prior reports suggest that at low levels, vanilla extract adds slight modification notes,
regular dosages impart the characteristic and expected flavor profile, while at high levels, off-notes
(e.g., woody, phenolic, and alcoholic notes) may negatively influence liking [59].

For the three linear models for sweetness, milk flavor, and thickness, an increase in sucrose was
accompanied by a significant increase in sweetness (R2 = 0.37, F(2, 1941) = 567.5, p < 0.05; m = 10.54
for sucrose, m = 5.11 for vanilla) and thickness (R2 = 0.022, F(2, 1941) = 23.2, p < 0.05; m = 1.97 for
sucrose, m = −2.42 for vanilla), and a decrease in milk flavor (R2 = 0.015, F(2, 1941) = 16.24; m = −1.04
for sucrose, m = −10.37 for vanilla) (Figure 1b,d,e). These findings were all expected and are similar to
those found for coffee-flavored milks [60], where both thickness and milk flavor were influenced by
sucrose and coffee extract concentration, respectively. That is, increasing sugar concentration led to
higher viscosities, and both vanilla and coffee flavor extracts decreased/masked milk flavor.

For the two second-order models, both liking and vanilla flavor increased up to a concentration
after which ratings for both decreased. For liking, the design space covered the preferred concentration
range, as the optimal liking, i.e., the maximal point on the liking surface, was found at 3.79% sucrose
and 0.53% vanilla (Figure 1a). When compared to the maximum liked sample served to participants,
this optimum was quite close in terms of sucrose concentration (3.82%), but was slightly lower than
the tasted sample’s vanilla concentration of 0.625%. The maximal point for the second-order model
for vanilla flavor was found to be at 4.98% sucrose and 0.52% vanilla (Figure 1c), which is above the
highest tested sucrose-vanilla mixture in terms of sucrose concentration (3.82%) and just below the
highest tested sucrose concentration of 5%, but within the range of tested vanilla concentrations of
0.3%, 0.435% and 0.625%.

Inspecting the response surfaces, it becomes apparent from the first-order model for sweetness
that increasing the vanilla concentration leads to a slight but statistically significant enhancement of
sweetness (coefficient = 5.11; p < 0.05). This can be seen in Figure 1b as the bottom and top edges of
the plane are tilted slightly upward as vanilla concentration increases). Conversely, the addition of
sucrose increased the perception of vanilla significantly and substantially in the regression model for
vanilla flavor (coefficient = 11.25; p < 0.05) (Figure 1c). These findings are in agreement with Green
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et al. [30] and Welge-Lussen et al. [61] who found that the perception of retronasal vanilla odor was
driven to a larger degree by the addition of sucrose than the addition of more vanilla flavor. Similarly,
Alcaire et al. [62] found a decrease in vanilla flavor perception when a vanilla flavored milk dessert
was reduced in sugar by 20%. The same pattern has been observed for other tastes: Linscott and
Lim [63] found that the tastes impacted odor perception more than the odors affected tastes when
pairing NaCl and monosodium glutamate (MSG) with chicken and soy sauce odors, respectively.
Earlier, Pfeiffer et al. [14] reported synergistic effects of sucrose and acid on strawberry flavor, and
that strawberry flavor was perceived more intensely when sucrose and acid were used together.
Furthermore, it seems unlikely that these findings could be explained by a physiochemical “salting out”
effect from the addition of sugar, as three different studies found that instrumentally measured volatile
concentration and release profiles remained constant even when tastants concentrations (e.g., sucrose
or acids) were varied [14,23,64]. Generally, our findings agree with others who reported significant
odor enhancement by taste [40,41,65], and seem to indicate a cognitive basis for the observed flavor
enhancement rather than physicochemical interactions that influence to the solubility of components
in the vanilla milk mixtures.

 
(a) 

 
(b) (c) 

 
(d) (e) 

Figure 1. 3D response surfaces established from the 18 samples evaluated by 108 consumers, for all
sensory response variables and sucrose (S) and vanilla (V) concentration. Dose-response functions
are included for each surface: (a) overall liking OL = 4.40 + 0.669·S + 1.42·V + 0.198·S·V − 0.102·S2 −
2.05·V2; R2 = 0.11, F(5, 1938) = 47.92, p < 0.05; (b) perceived sweetness SW = 18.1 + 10.5·S + 5.11·V; R2

= 0.37, F(2, 1941) = 567.5, p < 0.05; (c) perceived vanilla flavor VF = 13.8 + 11.3·S + 50.6·V − 1.17·S −
1.07·S2 − 42.6·V2; R2 = 0.21, F(5, 1938) = 104.7, p < 0.05; (d) perceived milk flavor MF = 46.9 − 1.04·S −
10.4·V; R2 = 0.02, F(2, 1941) = 16.24, p < 0.05; and (e) perceived thickness TH = 29.4 + 1.97·S − 2.42·V;
R2 = 0.02, F(2, 1941) = 23.2, p < 0.05.
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3.3. Testing for Interactions with the Isobole Approach

The response surface models indicated deviations from simple additive effects when sucrose
and vanilla are combined; however, the degree of such interactions need to be formally tested with a
method that accounts for the shape of the zero-interaction response surface (i.e., the isobole method).
In Table 1, the indices of interaction (I) for sweetness, as calculated by Equation (1), are shown for all
nine sucrose-vanilla mixtures. If using Suhnel’s [58] liberal criterion for interaction (i.e., any I �= 1),
every mixture except for two (S3.82V0.3 and S3.82V0.625) exhibited synergism for perceived sweetness
(I < 1), with the other two showing antagonism (I > 1) and no interaction (I ~1). However, applying our
more realistic cut-off criterion, four samples at the low to medium sugar concentrations (1.31% and
2.24% sucrose at both 0.3% and 0.435% vanilla) showed evidence of synergy, with I values between
0.776 and 0.886. Further, interactions between sucrose and vanilla were stronger at lower vanilla
concentrations, as observed for both sucrose concentrations. This indicates that lower levels of vanilla
induce larger cross-modal interactions with sugar.

Table 1. Indices of interaction (I) for perceived sweetness in the nine sucrose-vanilla mixtures. S = sugar,
V = vanilla, Cs and Cv represent the concentration of sugar and vanilla, respectively, that would
individually produce the same intensity as the vanilla-milk mixture. CS and CV were calculated using
the dose-response functions for sweetness with the sucrose-only mixtures (Sweetness SWsugar =

17.35 + 10.52·S; R2 = 0.43, F(1, 538) = 406.24, p < 0.05) and the vanilla-only mixtures (Sweetness
SWvanilla = 15.71 + 6.41·V; R2 = 0.007, F(1, 538) = 4.92, p < 0.05); I was calculated using Equation (1).

Sample Sucrose (% w/w) Vanilla (% w/w) Sweetness (-) Cs Cv I

S1.31V0.300 1.31 0.300 37.4 1.91 3.38 0.776 +

S1.31V0.435 1.31 0.435 37.2 1.89 3.35 0.823 +

S1.31V0.625 1.31 0.625 36.3 1.80 3.21 0.922 0

S2.24V0.300 2.24 0.300 46.8 2.80 4.85 0.862 +

S2.24V0.435 2.24 0.435 46.9 2.81 4.87 0.886 +

S2.24V0.625 2.24 0.625 44.8 2.61 4.54 0.997 0

S3.82V0.300 3.82 0.300 58.8 3.94 6.73 1.01 0

S3.82V0.435 3.82 0.435 60.9 4.14 7.06 0.984 0

S3.82V0.625 3.82 0.625 58.1 3.88 6.62 1.08 −
+ synergistic interaction; 0 zero interaction, − antagonistic interaction.

A more intuitive, graphical representation of these interactions is provided in Figure 2. Here, a
zero-interaction response surface (the two-dimensional plane depicted in blue) was produced from
the individual dose-response functions of the vanilla-only (Sweetness SWvanilla = 15.71 + 6.41·V)
and sucrose-only (Sweetness SWsugar = 17.35 + 10.52·S) samples. Observed responses for specific
vanilla-sucrose mixtures are visualized by individual dots; any mixtures that are located above the
plane indicate synergism (I < 1), any mixtures below the plane are indicative of antagonism (I > 1), and
any that lay on the zero-interaction surface demonstrate no interaction. Similar to the I-values shown
in Table 1, all but two mixtures are above the additive plane, in line with Suhnel’s criteria, and four of
these also satisfied our working criterion (mixtures circled in black).

Overall, synergism seems to occur at the lower to medium sucrose and vanilla concentration
ranges as suggested by the lower interaction values, indicating a concentration dependence effect of
the vanilla and sugar on sweetness perception.
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Figure 2. Isobologram for the vanilla-sucrose milks determined from their respective dose-response
functions. Deviations above the zero-interaction surface correspond to I-values below 1 (synergy).
Deviations below the surface correspond to I-values above 1 (antagonism). Those on or near the surface
indicate no interaction (I = 1). Mixtures that satisfied the working criterion are circled in black.

4. Discussion

Overall, this study demonstrates in a real food product how closely sweet taste is associated with
vanilla, i.e., the combination of vanilla and sugar creates a stronger vanilla flavor than vanilla alone.
Vanilla also increases the perceived sweet taste of sugar, but the effect is smaller. It has consistently
been reported that vanilla odor smells “sweet”, at least by western participants, even though the
olfactory system does not contain any receptors for sweet tastants [16,66]. This induction of sweetness
by odors, even when they cannot be detected by taste receptors, seems related to previous combined
exposure to vanilla aroma and a sweet tastant, such as those that could occur during eating [16,20,67].

Even when panelists were given a presumably complete list of attributes to rate (in an attempt
to account for potential dumping effects), we still found evidence for interaction between the taste
and the aroma. That is, adopting an analytical perceptual strategy did not appear to prevent taste
enhancements from occurring. Aroma had a significant impact on taste and vice versa, though taste
induced-odor enhancement appeared larger than odor induced-taste enhancement. Our findings
are similar to other studies in that increasing sucrose concentration resulted in higher ratings of
flavor [32,33,36,68]. Further, it should be noted that although increasing vanilla led to a significant
sweetness enhancement, the magnitude of this taste enhancement by a congruent odor may be small
in comparison to the use of a non-nutritive sweetener.

Despite results from other literature suggesting that any sweetness enhancement by an odor
may be the result of a dumping artifact, our findings do not support that view. Rather, we were able
to measure a small, but significant effect of vanilla aroma on sweetness perception. Valentin and
Nguyen [69], when studying the effect of vanilla and lemon aroma on sourness ratings using two
different tasks, came to a similar conclusion: providing more appropriate scales decreases odor-induced
taste enhancement, but does not completely suppress it. Tasks that do not depend on intensity ratings
have similarly found evidence of cross-modal interactions: in a sweet taste detection task, sucrose
detection was increased when combined with a congruent strawberry odor versus an incongruent ham
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odor [70]. Similarly, in a categorization task, participants’ categorization performance was poorer when
the concentration of vanillin changed along with the sucrose concentration, implying that participants
were unable to ignore the olfactory component when trying to categorize solutions according to the
tastants [71]. Collectively, these studies and present results indicate that taste-odor interactions cannot
be explained solely by response biases [72].

We also provide novel evidence of synergistic effects of mixture components by testing for
interactions effects that go beyond the simple additivity by using the isobole method. Of the
vanilla-sucrose milk mixtures we tested, four had indices of interaction (I-values) of less than 0.9 (a
conservative cutoff), indicating a synergism when the two components were mixed together. As the
isobole method was adapted from pharmacology, it would be important to determine where the index
of interaction (I) provides a meaningful sensory effect. Future experiments with mixtures of varying I
values are needed to determine differences that are perceivable by consumers. As Suhnel’s criterion is
calculated based on empirical data collected separately for each food matrix, it would be important to
test whether the cut-off criteria used here generalizes across products. Based on our data, taste-aroma
interactions are more likely to occur at low to medium sucrose-vanilla concentrations, which is in line
with others (e.g., [73]) who similarly have found a concentration dependence.

Since taste and smell involve distinct mechanisms and do not share receptors, any interactions that
take place would seem to be cognitive and not peripheral [3]. Neuroimaging studies have supported
this view, in that certain brain regions are subsequently activated by taste-aroma combinations. For
example, presenting a taste-odor combination activates the anterior region of the orbitofrontal cortex
(OFC), a region that is not activated by taste or smell alone [38]. Similarly, blood oxygen level
demand showed superadditivity in the OFC and amygdala for taste-odor combinations, compared
to the individual components [74], and superadditivity of neural activity was also found in the OFC,
insula, and anterior cingulate cortex (ACC) regions when presented with bimodal stimulation [38].
Additionally, congruency between tastants and odor further increases activation of these brain areas,
suggesting that prior exposure is a necessary prerequisite for taste-aroma interactions [75]. These
results all indicate that the combination of taste and smell leads to effects that are larger than the
sum of their perceptual parts [1]. Even when the mathematical determination of synergism might be
unclear, synergistic effects of tastants and odors are supported by neuroimaging research.

While the enhancement of taste by a congruent odor in this study was not strong, this may also
be attributed to the cognitive task used. Early evidence of the dependence on cognition was found
in 1984, when Lawless and Schlegel came to very different conclusions, depending on whether their
panelists were given a direct or indirect scaling task to evaluate taste-odor mixtures. It was thought
that panelists treat flavor mixtures as integral sensations during discrimination tasks, rather than
as an analyzable pair of attributes during attribute rating [76]. This implies that the testing method
induces different perceptual strategies: the discrimination task may reveal interactions between flavor
notes, which would otherwise not be apparent when ratings are made of individual characteristics [11].
McBurney [77] stated that whether a taste-odor mixture is perceived analytically or synthetically
can be determined by the method of evaluation required from the subject. The resulting elimination
of or at least reduction in taste enhancement by the aroma occurs when one is forced to adopt an
analytical approach once ratings of multiple attributes of a sample are required (thereby supporting
the dumping phenomenon), whereas an overall evaluation of a food product encourages the synthesis
of the common quality from both sensory modalities of odor and taste, causing enhancement [20].

Because the occurrence of an enhancement may result from scaling artifacts, a non-scaling method
may be better suited for confirming the enhancement effects observed here. Using a more holistic
(synthetic) testing method, consumers may perform more similarly to their “natural” behavior and, in
doing so, reveal a greater taste enhancement. Such tests should be further explored, as the cognitive
task during rating of various attributes does not represent how we perceive flavor when we eat food
outside of such a controlled setting. To our knowledge, only a single study [77] has employed such
a synthetic tactic to test for sweetness enhancement by using a matching task to control for possible
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scaling biases. More non-scaling studies are needed in cross-modal interaction research, as flavor is
experienced as a singular percept rather than a series of individual components.

5. Conclusions

Even when controlling for potential dumping artifacts by providing all salient response categories
to participants, significant interactions between vanilla and sugar were found for sweetness perception
in a real food (skim milk). Use of a superadditive model, the isobole approach, provided further
evidence for synergism in sweetness perception between a congruent taste-aroma pair, although these
effects appear to be rather small in magnitude. Potential applications for sugar reduction in foods
could be accomplished with these findings, although it probably requires combination with other
current techniques, such as the use of non-nutritive sweeteners. Future work should test the most
synergistic combinations with a holistic, non-scaling method, to better represent how we experience
flavor when eating.
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Appendix A

Table A1. Mean sensory attributes (n = 108) and measured instrumental viscosities (n = 2) (Pa.s) of final
vanilla sucrose milks used in the dose-response study. S = sugar, V = vanilla, both in percent (w/w).

Sample S V
Overall
Liking

Sweet
Taste

Vanilla
Flavor

Milk
Flavor

Thickness Viscosity (Pa.s)

S0V0 0.000 0.000 4.49 fg 14.8 g 12.9 i 50.5 a 30.3 bcde 2.77 × 10−3 ± 2.62 × 10−5 bcde

S0V0.25 0.000 0.250 4.81 defg 18.2 g 25.5 gh 44.9 abc 28.8 cde 2.71 × 10−3 ± 6.29 × 10−5 bcde

S0V0.36 0.000 0.360 4.49 fg 18.7 g 27.0 gh 41.8 bc 28.7 cde 2.66 × 10−3 ± 2.62 × 10−5 de

S0V0.52 0.000 0.520 4.44 g 19.0 g 28.2 gh 38.7 c 26.5 de 2.68 × 10−3 ± 6.3 × 10−6 cde

S0V0.75 0.000 0.750 4.39 g 20.0 fg 27.9 gh 38.1 c 26.2 e 2.61 × 10−3 ± 2.76 × 10−5 e

S1V0 1.00 0.000 4.74 efg 27.1 f 22.8 h 47.9 ab 28.8 cde 2.84 × 10−3 ± 6.93 × 10−5 abcde

S1.31V0.3 1.31 0.300 5.52 abcd 37.4 e 38.0 ef 40.3 bc 32.9 abcd 2.74 × 10−3 ± 2.69 × 10−5 bcde

S1.31V0.435 1.31 0.435 5.50 abcd 37.2 e 38.9 de 39.5 c 30.6 bcde 2.70 × 10−3 ± 3.61 × 10−5 bcde

S1.31V0.625 1.31 0.625 5.22 cdef 36.3 e 39.2 de 39.7 c 29.9 bcde 2.83 × 10−3 ± 2.83 × 10−6 abcde

S1.71V0 1.71 0.000 5.31 abcde 38.8 de 30.6 fg 44.8 abc 34.6 abc 2.82 × 10−3 ± 9.40 × 10−5 abcde

S2.24V0.3 2.24 0.300 5.86 abc 46.8 c 44.9 bcde 40.7 bc 35.1 abc 2.88 × 10−3 ± 1.89 × 10−4 abcd

S2.24V0.435 2.24 0.435 5.91 abc 46.9 c 46.6 bcd 42.3 bc 34.2 abc 2.83 × 10−3 ± 9.7 × 10−5 abcde

S2.24V0.625 2.24 0.625 5.81 abc 44.8 cd 47.8 abc 39.5 c 33.1 abcd 2.77 × 10−3 ± 2.40 × 10−5 bcde

S2.92V0 2.92 0.000 5.43 abcde 50.2 c 38.4 e 41.8 bc 35.2 abc 2.85 × 10−3 ± 1.41 × 10−6 abcde

S3.82V0.3 3.82 0.300 5.77 abc 58.8 b 50.3 abc 40.4 bc 35.4 ab 2.93 × 10−3 ± 7.64 × 10−5 abc

S3.82V0.435 3.82 0.435 6.00 ab 61.0 ab 51.9 ab 39.9 bc 35.4 ab 2.96 × 10−3 ± 4.95 × 10−5 ab

S3.82V0.625 3.82 0.625 6.04 a 58.1 b 54.7 a 37.8 c 36.4 ab 2.94 × 10−3 ± 1.41 × 10−6 ab

S5V0 5.00 0.000 5.27 bcde 67.7 a 43.4 cde 39.4 c 37.4 a 3.06 × 10−3 ± 9.90 × 10−6 a

Same superscript letters in columns do not differ by Tukey’s HSD (p < 0.05).
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Abstract: Chardonnay wines have a long-standing reputation regarding their aging potential.
However, in some cases, they face premature oxidation a few years after bottling. Scientific reports
are, for now, multiparametric and unclear. Polyphenols seem to be an important factor involved
in the oxidative stability of white wines, but their role has not yet been completely characterized.
The present study aimed to investigate the link between polyphenol content and the emergence
of oxidative odors of bottle-aged Chardonnay wines. In order to obtain samples with noticeable
differences in polyphenol content, as well as in sensory oxidative notes, wines from two different
vintages were used. For each vintage, three levels of must clarification and two wine closures
were implemented. Polyphenol content was analyzed chemically, and the oxidative character was
assessed sensorially by a trained panel using a specific intensity scale. The results showed significant
effects for closure type and turbidity. However, these effects were strongly affected by vintage.
Concerning the polyphenol content, a clear difference was also found between vintages, closures
and turbidity levels. Significant linear regression models for REDOX scores pointed out Flavon-3-ols
as the main negative predictor, and grape reaction product (GRP) as the main positive predictor.
The enological implications are discussed.

Keywords: flavan-3-ols; reduction; oxidation; wine aging; oxidative stability; clarification

1. Introduction

Chardonnay wines have a long-standing reputation regarding their aging potential. During bottle
aging, wine is exposed to relatively low quantities of oxygen, which are nevertheless sufficient
to influence its sensory characteristics [1]. In particular, oxygen modulates the extent of different
reactions involving volatile and nonvolatile components, resulting in the formation/degradation
of a number of powerful aroma compounds, with major consequences for the process of aroma
evolution during bottle aging [2]. In addition, other chemical reactions taking place during bottle
aging do not involve oxygen, meaning that, even in an environment completely devoid of oxygen,
a certain form of aging will occur [3]. Wine aroma changes dramatically during bottle aging, through
a complex array of chemical reactions that are only partly understood. In most cases, oxygen and
polyphenols contribute to the evolution of these key aroma compounds [4] where iron and copper
act as oxidation catalyzers [5]. To date, the majority of studies dealing with premature oxidation
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have focused on the characterization of potent oxidation markers of defective aroma (off-flavors).
According to these studies, changes in wine aroma properties linked to oxidation were related to
the formation of off-flavors, mainly aldehyde compounds, such as phenylacetaldehyde, methional,
trans-2-nonenal, o-aminoacetophenone and a lactone, the 3-hydroxy-4,5-dimethyl-2(5H)-furanone
(sotolon) [6,7]. The aldehydes, methional and phenylacetaldehyde, are among the oxidation-related
aroma compounds that have drawn the most attention, due to their supposedly higher aroma impact
and possible contribution to the aroma of red and white wines [8]. For these aldehydes, formation
from the amino acids methionine and phenylalanine, respectively, via Strecker reaction involving
the presence of a dicarbonyl compound has been proposed [9]. Different o-diphenols have been
shown to form different quantities of aldehydes, with caffeic acid giving higher methional and
phenylacetaldehyde compared to catechin and epicatechin [10], but this was observed at pH much
higher than that of wine. More recently, it has been shown that in wine-like conditions, methionine
and phenylalanine were not capable of reacting with a model quinone [11]. Finally, in a recent study,
the polyfunctional thiol 3-ethylsulfanyl acetate was identified for the first time as a key contributor to
off-flavors in sauvignon blanc wines [12]. This compound was observed at higher levels in aged wines
and in wines obtained from juices exposed to air, but the effect of post-bottling oxygen exposure on
its concentration remains to be investigated. Overall, although many aroma compounds relevant to
wine oxidation have been identified, most studies have been aimed at understanding wine oxidative
spoilage, and have often been carried out under conditions of extreme oxygen exposure. Conversely,
oxidative processes taking place during bottle aging under normal conditions are rather “mild”, and
the sensory impact of such levels of oxidation to the aroma quality of wines remains to be established.

Many chemical approaches have been developed in the literature to understand white
wine oxidation. However, there are fewer studies dealing with white wine oxidation from a sensory
point of view. Typically, the researchers use a tasting panel to generate relevant attributes, which
usually cover fresh fruit dimensions (depending on the grape variety at hand), oxidative aroma
notes and a number of other descriptors unrelated with oxidation (such as spiciness, oakyness
and other wine faults). Several authors have used descriptive analysis to characterize the type
of closure and the effect of ascorbic acid addition on the oxidative or reductive aromas of white
wine samples with several years of storage [13–15]. In Gooden et al. [13], fresh fruit attributes were
overall fruit, pineapple, citrus/lime and tropical while the oxidation related attributes were oxidized
and developed. Interestingly, the authors aimed to differentiate two different nuances of oxidation,
developed being probably a mild and not necessarily negative version of oxidized. As expected,
the authors showed a clear opposition between all fresh fruit dimensions, and oxidized and developed.
Ulterior studies [14–16] slightly modified the lexicon by including some oxidation notes such as
aldehyde, glue-like or wet wool, and some reduction notes, such as struck flint/rubber, gunflint, rotten
egg, cabbage or stagnant water. In the case of rosé wine, Guaita and coworkers [17] suggested, despite
the lack of significance of the results, that the closures with higher Oxygen Transfer Rate (OTR) values
induced a stronger intensity of acacia flower and rose aromas in the wines than more protective closures.
In the same vein, Rodrigues and coworkers [18] used the attribute honey/wax as an oxidation marker.
A different strategy was used by Brajkovich and coworkers [19], since they basically used sauvignon
blanc varietal descriptors such as passion fruit, cat urine, grassy and capsicum, and showed that the
most oxidized samples were those showing lower intensities for thiol-related attributes.

In that context, the goal of the present study is to investigate the oxidative note of bottle-aged
Chardonnay wines from a polyphenolic content perspective. To the best of our knowledge, no sensory
studies have so far examined the link between the occurrence of oxidative aromas and the polyphenol
content in white wines, in particular hydroxycinnamic acids and flavanols. This is all the more
interesting because previous studies reported contradictory results; some have considered that the
antioxidant activity of white wines is related to its polyphenolic content [20–22], whereas others
have shown a direct correlation between the browning rate and the concentration of epicatechin [23].
In order to ensure wide differences in the polyphenol concentrations and sensory characteristics
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between the samples, two different vintages with three levels of must turbidity and two different
types of closure were used. The two kinds of stoppers chosen for this study (synthetic coextruded
stoppers and screw cap) presented extreme OTR values to ensure oxidation differences as previously
described [3]. Synthetic coextruded stoppers are able to diffuse 10 to 100 times more oxygen that
screw caps, and could possibly reveal oxidative deviations earlier in wine compared to more reductive
environments when screw caps are used [3,24].

2. Materials and Methods

2.1. Wines
Chardonnay dry white wines from Burgundy were elaborated following the same winemaking

process during vintages 2009 and 2010. Chardonnay grapes were hand-harvested and pressed with
a pneumatic press. Must was protected with 4 g·hL−1 of SO2. Cold racking at 12 ◦C from 12 to
24 h enabled to reach the three levels of must turbidity: 300 NTU (Low), 600 NTU (Medium) and
800 NTU (High). Alcoholic and malolactic fermentations were conducted in oak barrels followed by
oak aging for 6 months. Dry white wines were then filtered, and SO2 was adjusted to 40 mg·L−1 prior
to bottling. Wine bottles were stored in a cellar with a constant temperature (12 ◦C) until required for
chemical analysis (April 2015). Table 1 summarizes the characteristics of the samples used in this study.

Table 1. Characteristics of the white wines used in this study and their codes.

Sample Code Closure Turbidity (NTU)

S-L-2009 synthetic coextruded stopper LOW
S-M-2009 synthetic coextruded stopper MEDIUM
S-H-2009 synthetic coextruded stopper HIGH
C-L-2009 screw cap LOW
C-M-2009 screw cap MEDIUM
C-H-2009 screw cap HIGH
S-L-2010 synthetic coextruded stopper LOW
S-M-2010 synthetic coextruded stopper MEDIUM
S-H-2010 synthetic coextruded stopper HIGH
C-L-2010 screw cap LOW
C-M-2010 screw cap MEDIUM
C-H-2010 screw cap HIGH

2.2. Sensory Analysis
Sensory sessions took place between October and December 2015. After a training period, the

selected assessors performed a monadic assessment of the reductive and oxidative aromas of the
samples and a sensory description on frequency of citation [25]. Afterwards, a subset of the samples
was analyzed again, not in monadic presentation, but in simultaneous presentations in order to induce
a comparative assessment and therefore detect more subtle differences between samples.

2.2.1. Panel: Training and Selection
Twenty-six candidates were recruited from among the students at the enology school of

Dijon (France). As part of their enology training, they all attended a wine-tasting course (36 h), where
they learned the main olfactory notes of wine. Apart from this general training, the panelists took
part in 6 training sessions and 4 selection sessions organized as part of the present study. The general
goal of the training was to familiarize the assessors to the common oxidation and reduction aroma
notes, and to quantitatively calibrate their measurements. With this purpose, natural and spiked
wines with a range of reduction or oxidation intensities were selected for the training. Also, several
“clean” wines (with no obvious oxidation or reduction notes) were used as controls during the training.
Sessions were conducted twice a week, in groups of 10–13 candidates and lasted about 40 min.
The specific goals and the content of each session are summarized in Table 2. A specific structured scale
(called here the REDOX odor scale) was created to assess the global oxidative or reductive odor of the
samples. This 11-point scale went from −5 (strong reduction) to +5 (strong oxidation), with 0 (neither
reduced nor oxidized) being in the middle of the scale. Expected REDOX odor levels of the training
samples were roughly determined by consensus by three experienced tasters as a guideline only.
Systematic feedback was given at the end of each session or at the beginning of the subsequent session.
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The selection of the panelists was based on the results of sessions 7 to 10. Three main criteria
were considered in order to rank the candidates according to their sensory performance: recognition of
oxidation and reduction notes and proximity with the expected REDOX odor levels, repeatability, and
consensus with the rest of the panel. Panelists were ranked according to each of these three criteria,
and then an average rank was computed for each candidate.

At the end of the selection process, 14 assessors were selected to form the final panel (three
females and eleven males, average age 24.4; SD = 1.4). Among them, eleven (three females and eight
males, average age 24.3; SD = 1.3) participated in the monadic sensory sessions. All fourteen assessors
participated in the comparative REDOX odor assessment.

2.2.2. Monadic Sensory Description

Sensory analyses took place in a sensory room equipped with individual booths. Two bottles
of each sample were assessed in standardized black glasses coded by 3-digit numbers. Each sample
contained 20 mL of wine at ambient temperature and was covered with a plastic Petri dish. First,
participants were asked to rate the intensity of oxidation-reduction of the samples orthonasally (i.e.,
by smell only) and afterwards globally (nose and palate) using the REDOX odor scale. Finally,
panelists were asked to describe the odor of the samples using a list of odor attributes (Figure 1) from
which assessors should select all the attributes they considered appropriate to describe each sample.
The sensory terms aimed to cover varietal chardonnay aromas, oxidation and reduction notes and
other wine faults (in order to control for false positives). The list was based on previous research on
white wine oxidation [13–16], and the terms were listed in alphabetical order. If panelists needed
an attribute that was missing from the list, two slots (other 1 and other 2) were allowed for their
own descriptors. During each session, the twelve samples (six wines replicated) were randomly split
into three series of four samples. The tasting order within the series was specific to each participant
and followed a William’s Latin square. In order to reduce sensory fatigue, panelists were asked to take
a short break between series. Monadic sensory description took two sessions, one for 2009 samples
and another, the day after, for the 2010 samples.

Figure 1. Ballot used for the general odor description (translated from French).

2.2.3. Comparative REDOX Odor Assessment between Turbidity Levels with Synthetic
Coextruded Stopper

This second descriptive analysis was carried out in order to focus specifically on the effect
of turbidity. According to the results of the monadic description (see Section 3.1), the samples closed
with screw caps barely showed oxidative notes. In particular, for the 2010 samples, the differences
in redox score between closure types were really important which were assumed to mask subtle
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differences between turbidity levels (see Section 3.1). Therefore, only the samples with synthetic
coextruded stoppers were chosen for the comparative REDOX odor assessment. Moreover, inspired by
Godden and coworkers [13], a full comparative approach was carried out in order to accede to more
subtle differences.

Only one bottle of each treatment was used in this session. Comparative REDOX odor assessment
took only one session, during which 6 samples were assessed. The three 2009 samples were
simultaneously presented to the assessors (instead of monadically), in order to facilitate the comparison
between samples. Panelists were allowed to freely retaste and compare the samples before scoring them.
Then, after a short break, the three 2010 samples were presented for assessment, also simultaneously.
As in the monadic descriptive analysis, participants were asked to rate the REDOX odor character of
the samples orthonasally and, afterwards, globally, using the REDOX odor scale. In order to increase
the sensitivity of the REDOX odor scale, a continuous version of the scale was presented to the panelists
(instead the discrete scale used in the monadic profile). A subsequent general description based on
frequencies of citation was not carried out in this case. Within each series, samples were presented
according to a specific order for each participant following a William’s Latin square.

2.3. Chemical Analysis

2.3.1. Reagents

Gallic acid, protocatechuic acid, hydroxybenzoic acid, tyrosol, hydroxytyrosol, salicylic acid,
coumaric acid, ferulic acid, caffeic acid, caftaric acid, catechin, epicatehin, chlorogenic acid and gentisic
acid were purchased from Sigma Aldrich. High-grade quality methanol and formic acid were used for
chromatographic elutions.

2.3.2. Wine Polyphenols Analyses

Total polyphenols Index (TPI) measurements. Each wine sample was characterized by measuring
the absorbance at 280 nm with a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan), after dilution,
representing the global content of wine polyphenols expressed as TPI index.

UPLC-DAD/FLD phenolic compounds analysis. An Acquity UPLC H-Class (Waters, Milford,
MA, USA) with a quaternary pump and an autosampler were coupled to a fluorimetric and a diode
array detector. Under optimized conditions, the column oven was thermostated at 35 ◦C, and the
sample system at 12 ◦C. The acquisitions, the solvent delivery and the detection were performed
by Empower 2. About 2 mL of wine was filtered through a 0.45 μm PTFE filter (Restek, Lisses,
France), of which 2 μL was injected into a reversed-phase BEH C18 (150 mm × 2.1 mm, 1.7 μm)
Waters column. A binary solvent was run at a flow rate of 0.25 mL/min employing (A) H2O:methanol
(95:5) v/v formic acid (0.1%) and (B) methanol (100%). The optimized elution system consisted of a
stepwise gradient as follows: from 3 to 5% B (0–4 min), 5 to 8% B (4–10 min), 8% B (10–12 min), 8 to
10% B (12–14 min), 10 to 15% B (14–17 min), 15 to 30.1% B (17–19 min), 30.1 to 38% B (19–21 min),
38 to 41% B (21–24 min), 41 to 50% B (24–30 min), 50 to 100% B (30–31 min), 100% B (31– 31.5 min),
100 to 3% B (31.5–32.5 min), 3% B (32.5–35 min). The diode array detector was set at 320 nm for
trans-caftaric acid, gentisic acid, trans-caffeic acid, trans-coutaric acid, 2-S-glutathionylcaftaric acid
(GRP), trans-ferulic acid, at 305 nm for salicylic acid, trans-coumaric acid, at 280 nm for gallic acid
and at 260 nm for protocatechuic acid and hydroxybenzoïc acid. The fluorescence detector was set at
λex = 270 nm and λem = 322 nm for hydroxytyrosol, tyrosol, catechin, epicatechin, proanthocyanidin B1,
proanthocyanidin B2. Polyphenols were identified using a combination of commercial standards and
the UV-visible spectra associated to chromatographic peaks in comparison with published procedures,
as described previously [26,27]. Trans-Coutaric acid and GRP were quantified via their respective
absorbance at 320 nm and expressed in trans-caftaric acid equivalents. Unknown concentrations
were determined from the regression equation, and the results were converted into milligrams
per liter. The sum of each individual polyphenol concentration was calculated and defined as the
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total polyphenol for five specific chemical families: phenolic acids, cinnamic acids, flavan-3-ols, Grape
reaction product (GRP) and tyrosol.

2.4. Statistical Analysis

Differences in REDOX scores were tested statistically using analysis of variance (ANOVA) with
α = 5%. Monadic data were subjected to three-way ANOVAs with wine closures (synthetic cork or
screw cap) and turbidity (LOW, MEDIUM and HIGH) as within-subject factors. Subjects (panelists)
were considered a random factor. Turbidity × closure, panelists × closure, and panelists × turbidity
interactions were also tested. Main treatment effects (closure and turbidity) were tested using their
respective interaction with panelists as the appropriate error term.

When a significant main effect was found, pairwise comparisons were carried out using
Newman-Keuls’ test (α = 5%). In the particular case of the comparative REDOX odor assessment, since
all the samples had the same closure system, only the turbidity was set as a within-subject factor.

Concerning the general description, the frequency of citation of each term was determined
for each wine. Only the descriptors cited at least 3 times for a given wine were considered in
subsequent analyses; the other descriptors were discarded. The resulting contingency table containing
the frequency of citation of each term for each wine was submitted to Correspondence Analysis (CA).
In order to identify wine clusters, wine coordinates on the two first factors (F1 and F2) on both CAs
were submitted to a Hierarchical Cluster Analysis (HCA) with the Ward criterion. Orthonasal and
global REDOX average scores were projected as supplementary variables in each CA.

The effect of vintage, closure and turbidity on wine polyphenolic content was analyzed statistically
by a three-factor ANOVA with (α = 5%) for each phenolic family. All second-order interactions were
also included in the ANOVA model.

Relationships between polyphenol concentrations and REDOX odor scores were explored by
means of multiple linear regressions (stepwise method), separately for 2009 and 2010. The added
concentration of each family of polyphenols was used as predictors and the REDOX average intensity
as the dependent variable.

All statistical analyses were carried out using XLStat 2017 (Addinsoft, Paris, France).

3. Results

3.1. Sensory Characterization by Monadic Profile

3.1.1. REDOX Odor Assessment

The results of the ANOVA performed on the orthonasal and global REDOX odor scores for 2009
and 2010 samples are presented in Table 3. The factor panelists showed a significant effect in both
conditions and for both vintages. This is a common phenomenon in sensory evaluation, and indicates
that the assessors used different parts of the scale.

Type of closure did not show significant effects for 2009 samples. Concerning the 2010 samples,
significant panelists×closure interactions were found for both for orthonasal and global assessments,
that some of the panelists did not achieve perfect concept alignment. The MS of panelists × closure
interactions was used as an error term to test the closure effect, which was still significant for both
assessment conditions (Table 3).

Turbidity level was significant for both conditions of the 2009 samples, but not for the 2010 ones.
However, the interaction turbidity×closure was also significant, which means that it is not possible to
generalize the turbidity effect to all the closure types. A closer look at this interaction (Figure 2a,b)
shows that, for screw caps, medium and high turbidity levels tend to show lower REDOX odor values.
However, this pattern does not fit the results for synthetic corks, for which the lowest turbidity also
shows the lowest REDOX odor score (Figure 2a,b). Further research needs to be carried out to better
understand the relationship between turbidity and oxidation.
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Table 4 shows the results of the post-hoc mean comparison for Closure type and Turbidity level.
Wines closed with synthetic cork showed significantly higher sensory oxidation than wines closed
with screw caps, but only for 2010 samples.

Table 3. Summary of the significance level of the ANOVAS performed on the orthonasal and global
REDOX odor scores for the 2009 and 2010 samples. Probabilities in bold are significant at α = 5%.

Assessment Condition Sources of Variation
2009 Vintage 2010 Vintage

F p F p

OTHONASAL
PERCEPTION

PANELISTS 3.748 0.0003 3.633 0.0005
CLOSURE 0.697 0.171 10.108 0.010

TURBIDITY 3.412 0.038 0.540 0.591
PANELISTS ×CLOSURE 3.122 0.002 3.289 0.001

PANELISTS ×TURBIDITY 0.620 0.887 1.016 0.453
TURBIDITY ×CLOSURE 5.880 0.004 2.081 0.131

GLOBAL PERCEPTION

PANELISTS 3.760 0.0003 3.812 0.0003
CLOSURE 3.205 0.104 8.109 0.0173

TURBIDITY 7.044 0.005 1.574 0.2318
PANELISTS ×CLOSURE 1.827 0.068 2.870 0.0039

PANELISTS ×TURBIDITY 0.683 0.832 0.994 0.4779
TURBIDITY ×CLOSURE 3.182 0.046 0.287 0.7510
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Figure 2. Turbidity*wine closure interaction plots for 2009 data (A) orthonasal evaluation and
(B): global evaluation). S: synthetic coextruded stoppers; C: screw cap stoppers. L: low; M; medium;
H: high.

37



Beverages 2018, 4, 19

Table 4. Results of the post-hoc Newman-Keuls’ tests (α = 0.05) on the REDOX odor intensities
comparing the two closure types and the three turbidity levels for each vintage and each evaluation
condition. S: synthetic coextruded stoppers; C: screw cap stoppers. L: low; M: medium; H: high.

Factor Level 2009 Orthonasal 2009 Global 2010 Orthonasal 2010 Global

CLOSURE
S 0.97 a 1.045 a 1.62 a 1.35 a
C 0.65 a 0.61 a 0.38 b 0.53 b

TURBIDITY
M 1.182 a 1.14 a 1.16 a 1.045 a
H 0.75 ab 0.89 ab 0.93 a 1.045 a
L 0.5 b 0.45 b 0.91 a 0.73 a

Samples associated with the same letter were not significantly different.

Concerning the effect of turbidity and regardless the assessment condition, the REDOX odor score
for the lowest level was significantly lower than the intermediate level, but wasn’t different from the
highest level. However, the significant closure*turbidity interactions found for 2009 samples prevent
us from generalizing the significant differences found for turbidity.

3.1.2. General Description

Correspondence Analyses were carried out on the matrix containing the frequencies of citation
of the most cited attributes for each vintage separately. Moreover, the average orthonasal and global
REDOX odor scores were projected as supplementary variables, which were significantly correlated
for both 2009 (r = 0.88, p < 0.05) and 2010 (r = 0.86, p < 0.05) vintages.

Concerning 2009 samples the CA followed by a HCA did not yield any meaningful or interpretable
clusters (data not given). The four emerging clusters were not based on type of closure or turbidity
level. Neither the samples nor the attributes seemed organized across a reduction–oxidation gradient
(data not given).

Figure 3 shows the first and second dimensions of the CA on the frequencies of citation of
the descriptors for the 2010 samples. Dimensions 1 and 2 accounted for 38.33% and 18.54% of the
inertia, respectively.

According to cluster analysis, samples were sorted into two main groups. A first group, located
in the negative values of the first dimension, was composed by samples with synthetic corks, and was
described with oxidative terms such as “rancid honey”, “cooked vegetables”, “walnut/curry” and
“bruised apple”. Wines with screw caps were located at positive values of the first dimension and were
split into two sub groups. HCA yielded three groups, clearly segmenting the samples according to
their type of closure, but not according to their turbidity level. The samples C1 bottle1 and C3 bottle1
were without any taint, and were characterized by the terms “woody”, “white fruits”, “yellow fruits”
and “honey”. The other group (C1 bottle2, C3 bottle2, C2 bottle1 and C2 bottle2) was characterized by
some reduction terms as “dust/cardboard” or “rotten egg/cabbage” as well as “toasted”, “citrus” and
“butter”. The separation between the two bottles of the samples C1 and C3 suggest a bottle effect or
maybe also a lack of repeatability of the panel for these two samples.

Contrary to the CA of the 2009 samples (data not given), the CA of the 2010 samples showed
a better discrimination between samples and a better consistency between REDOX odor scores and
general attributes.
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Figure 3. Correspondence Analysis of the general description of the two bottles of each 2010 sample.
Ellipses indicate the clusters obtained by HCA using Ward’s criterion. O: orthonasal; G: global.

3.2. Comparative Sensory Description of Synthetic Coextruded Stopper Samples

The strong oxidation differences observed between closures on the results of the monadic sensory
description are likely to hide the subtle differences between turbidity levels (because of a contrast
sensory effect). In order to better explore subtle differences due to turbidity levels, a comparative
sensory assessment was carried out only on the three turbidity levels for the synthetic coextruded
stopper samples.

The mean values for orthonasal and global REDOX odor scores are presented in Table 5.
The results showed that there was a turbidity effect for 2010 samples in orthonasal (F = 5.34, p = 0.011)
and in global (F = 10.04, p = 0.001) conditions, but no significant effect was found for 2009 samples
(F = 0.845, p = 0.44 for orthonasal and F = 0.942, p = 0.40 for global conditions).

Table 5. Average scores for orthonasal and global REDOX odor assessment of the three turbidity levels
for 2009 and 2010 vintages followed by Newman-Keuls’ tests (α = 5%).

Sample Code
2009 Vintage 2010 Vintage

REDOX Orthonasal REDOX Global REDOX Orthonasal REDOX Global

S-H 1.46 a 1.01 a 2.69 a 2.57 a
S-M 1.52 a 1.02 a 2.04 ab 2.17 a
S-L 1.93 a 1.48 a 1.47 b 0.93 b

Samples associated with the same letter were not significantly different.
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Table 5 shows that for 2010 samples and for both conditions, S-H was perceived as significantly
more oxidized than S-L but not than S-M. As for the monadic profile, orthonasal and global REDOX
odor scores were significantly correlated (r = 0.95, p < 0.05).

As for the general description, the results suggest that 2010 samples presented wider oxidation
differences than 2009.

3.3. Phenolic Composition

The results of the ANOVA carried out on the phenolic compositions from both 2009 and 2010
vintages are presented in Table 6. Concerning the main effects, vintage reached significance for each
class of polyphenols (phenolic acids, cinnamic acids, flavan-3-ols, tyrosol and GRP) and for total
polyphenols and TPI. Table 7 shows the post-hoc Newman-Keuls’ mean comparison of the average
concentrations of all polyphenolic families for each on the main ANOVA factors tested. Table 7 shows
that 2009 samples presented significantly higher concentrations for all the families of polyphenols after
several years of bottle aging.

Screw caps showed higher concentrations for cinnamic acid, total polyphenols and Flavo-3-ols.
However, the latter showed a significant interaction with vintage. Cinnamic acids and total
polyphenols showed significant interactions with vintage. On the other hand, phenolic acids and
GRP, the major polyphenols in chardonnay wines, were fairly similar between wines under cork or
screw cap.

Concerning the effect of turbidity, significance was reached for the concentrations of phenolic
acids, GRP, tyrosol, total polyphenols and TPI, but only phenolic acids showed an effect independent
of the vintage, with the medium level of turbidity being slightly more concentrated than high and
low levels.

3.4. Relationships between Sensory Characteristics and Phenolic Composition

We tried to predict the REDOX scores for orthonasal and global conditions for every vintage
from their phenolic concentrations by means of multiple linear regressions. Only variables showing
a correlation with the corresponding REDOX scores higher than 0.3 were considered in the
linear regressions. The results of the stepwise linear regressions for both vintages and both conditions
are presented in Table 8.

Table 8. Results of the multiple regression analysis carried out to predict REDOX odor character by
phenolic concentrations. R2: determination coefficient of the regression; t = Student value; Pr > |t|:
probability associated with the absolute Student value. – indicates that the variable was not selected
for the model because of an r < 0.3; ns indicates that the contribution of the variable to the predictive
model was not significant. ns*: not significant.

Variable

REDOX 2009
OrthonasalR2 = 0.26;

p = 0.086

REDOX 2009
GlobalR2 = 0.61;

p = 0.014

REDOX 2010
OrthonasalR2 = 0.94;

p < 0.0001

REDOX 2010
GlobalR2 = 0.92;

p < 0.0001

t Pr > |t| t Pr > |t| t Pr > |t| t Pr > |t|

Phenol Acids ns* ns ns ns – – – –
Cinnamic acids – – ns ns ns ns – –

Flavan-3-ols ns ns −3.12 0.012 −10.93 <0.0001 −8.06 <0.0001
GRP – – 2.26 0.05 4.12 0.003 6.72 <0.0001

Tyrosol – – ns ns – – – –
Total

polyphenols – – ns ns ns ns – –

TPI ns ns – – – – – –

Table 8 shows that no significant predictive model could be obtained from the 2009 orthonasal data.
However, the predictive linear model for 2009 global was significant, and the ones for 2010 were very
significant. The three significant predictive models were:
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REDOX 2009-global = −3.54 − 0.93 × Flavan-3-ols + 1.56 × GRP
REDOX 2010-orthonasal = −1.932 − 4.08 × Flavan-3-ols + 1.43 × GRP
REDOX 2010-global = −3.63 − 2.35 × Flavan-3-ols + 1.82 × GRP

All three predictive models had basically the same pattern, with Flavan-3-ols as negative
predictors and GRP as positive predictors. These results suggest that the presence of Flavan-3-ol can
predict lower sensory oxidations, whereas high GRP levels predict higher oxidative notes. These results
are particularly consistent between vintages for global perception.

4. Discussion

We implemented a combination of sensory and physicochemical analytical strategies in order to
better understand the relationship between the wine polyphenol composition and the occurrence of
oxidative notes. First of all, it is interesting to note that orthonasal and global assessment conditions
were significantly correlated. This result is in agreement with previous findings [13]. However,
as seen in Section 3.4, global evaluation enabled better regression models than orthonasal evaluations.
One possible reason is that the in-mouth conditions in terms of temperature and contact surface with
air favored the release of aroma compounds that were subsequently better perceived retronasally.

According to previous literature, strong vintage and closure effects were expected. Concerning
turbidity, no particular hypothesis was formulated. The effects of the studied factors on the chemical
and sensory characteristics of the samples are discussed in the following sections.

4.1. Effect of Vintage, Closure and Turbidity on the Wines Polyphenolic Content

The results showed a clear effect of vintage on the concentrations of all of the phenolic classes.
Previous studies have already pointed out that for each vintage, a unique polyphenolic composition
is conferred upon the resulting wine [26,28]. Flavan-3-ols, catechin and epicatechin were greatly
impacted by closure compared to phenolic acids and GRP, likely due to their higher susceptibility to
participation in slow oxidative processes during bottle storage [4]. Recent results have consistently
shown that an unprecedented diversity of compounds could actually be involved in the discrimination
of wine composition according to the type of closure [28]. Finally, must clarification level showed
a significant effect on several polyphenolic classes, albeit largely modulated by vintage, but the
mechanisms involved are still unclear.

4.2. Vintage Effect on REDOX Perception

Since the two vintages tested were quite different in terms of polyphenolic composition, vintages
were analyzed separately for the sensory data. Taken together, the results confirm the importance of
the composition of raw material, which is mostly vintage-dependent. Indeed, 2009 samples seemed
more resistant to oxidation than those from 2010, while the latter showed wider sensory differences.

4.3. Closure Effect on REDOX Perception

The monadic evaluation clearly showed significant differences between closure types for 2010
samples, but not for 2009. It has been previously shown in the literature that wines closed with
synthetic cork are more prone to oxidation than wines closed with screw caps [14,16]. The choice
of the stoppers was made in order to increase the probability of having REDOX odor differences
between samples. Concerning the general description of the 2009 samples, no segmentation by closure
was shown. The 2010 samples showed a clear segmentation by closure type, with the samples closed
with screw cap described as fruitier, more oaky and even showing a slight reductive aroma. On the
other hand, the samples closed with synthetic cork showed clear signs of oxidation (“rancid honey”,
“cooked vegetables”, “walnut/curry” and “bruised apple”). These results are consistent with previous
research [13,14].
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4.4. Turbidity Effect on REDOX Perception

The monadic evaluation of 2009 samples showed significant differences in turbidity for both
conditions; unfortunately, significant turbidity*wine closure interactions prevent us from interpreting
the main effects.

However, concerning the 2010 samples, the panel failed to show a significant turbidity effect,
probably because the important differences between types of closures masked more subtle differences
between turbidity levels.

A modification in the sensory protocol was implemented in a subsequent sensory session to
confirm the existence of significant REDOX odor differences between turbidity levels for both vintages.
As a result, a comparative assessment of the synthetic closures showed significant differences only for
2010 samples. Taken together, these results suggest for the first time that must turbidity could have an
impact on the oxidative stability of white wines. To date, there are virtually no references concerning
the relationship between must clarification and the polyphenol composition of the resulting wine,
so the mechanism of this effect is still unclear, and further research is needed. One possible explanation
is that, as seen in Section 4.1, must clarification somehow changes the polyphenolic composition of the
wine, which could impact its sensory REDOX characteristics.

4.5. Effect of the Phenolic Composition on REDOX Perception

Multiple linear regressions showed significant predictive models of REDOX perception scores for
2010 data (both conditions) and for global perception of 2009 data. For all three models, our results
suggest that the presence of Flavan-3-ol could predict lower sensory oxidations, whereas high GRP
levels predicts higher oxidative notes. Such results provide an unprecedented model of the oxidation
sensory note of dry chardonnay wine based on the concentration of two major polyphenol-related
compounds, which is highly consistent with the literature. Flavan-3-ols and GRP have indeed
already been described as being involved in oxidation reactions in wine, but never subjected to
a sensory analysis. GRP is a well-known polyphenolic compound that appears preferentially during
prefermentative steps, where non-protected musts lead to higher concentration of GRP due to
the nucleophilic attack of the quinone of caftaric acid with the reduced form of glutathione [29].
Additionally, some studies have also shown that GRP continues to accumulate in wine during bottle
aging under oxidative environments [30,31] without knowing exactly its origin. GRP is thus considered
a final marker of an historical event of oxidation in must and/or wine. Similarly, the oxidation and
browning of white musts have been shown to be largely correlated to the content of hydroxycinnamic
acids and favored by the presence of Flavan-3-ols [32,33]. Additionally, Flavan-3-ols are slowly
oxidized in wine in presence of oxygen and metal catalysts as clearly described by Danilewicz [5].
Therefore, our results shed new and interesting light on the impact that prefermentative management
of musts can have on the later REDOX sensory note of bottle-aged dry chardonnay wines. In particular,
they suggest that actions that reduce the production of GRP and maintain high levels of flavanols,
such as must protection before alcoholic fermentation, could lead to lower oxidation notes.

5. Conclusions

The present study showed that the sensory oxidative character of bottle-aged chardonnay wines
results from complex interactions between the different variables included in the experiment. It also
showed the difficulty of generalizing the effects to different vintages. The polyphenolic composition
was also quite vintage-dependent, and could partially explain the sensory differences between vintages.
The main result of this study is that concentrations of Flavan-3-ols and GRP could both be significant
predictors of wines oxidative sensory character, but with opposite effects.

Altogether, these results bring valuable new clues for questioning the impact of oenological
practices—from prefermentative steps to bottling—on the subsequent development of oxidation,
through the combined analysis of bottle aged wines.
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Abstract: During the development of a food product, the application of rapid descriptive sensory
methodologies is very useful to determine the influence of different variables on the sensory
characteristics of the product under development. The Pivot profile (PP) and a variant of the
technique that includes check-all-that-apply questions (PP + CATA) were used for the development
of a milk drink fermented from demineralised sweet whey. Starting from a base formula of partially
demineralised sweet whey and gelatin, nine samples were elaborated, to which various concentrations
of commercial sucrose, modified cassava starch, and whole milk powder were added. Differences in
sucrose content affected the sample texture and flavour and the modified starch was able to decrease
the fluidity and increase the texture of creaminess and firmness, of the samples. The two applied
sensory methodologies achieved good discrimination between the samples and very similar results,
although the data analysis was clearly simplified in relation to the difficulty and time consumed in
the PP + CATA variant.

Keywords: whey; pivot profile; CATA; fermented beverage

1. Introduction

One of the main problems in environmental management of the small and medium dairy industry
is the destination of by-products generated in the industrial activities, such as milk whey. Thus,
in recent decades, there has been an increase in interest in the use of this by-product [1]. The high
content in lactose makes milk whey a raw material (from the industrial viewpoint) with significant
potential for the development of fermented products [2]. This application has the advantage that
the production process is very similar to the production of, for example, a conventional yoghurt,
so the start-up and production cost is not high for a dairy company. The use of lactic acid bacteria
in the fermentation of whey is associated with intense bacterial metabolic activity with respect to
the carbohydrates, lipids, proteins, and allergenic peptides present in it. Thus, bacteria promote
digestibility and preservation. In addition, their action increases the content of lactic acid and other
metabolites, such as aromatic compounds that contribute to the flavour, texture, and sweetness of the
final product [3]. The sweet whey in its pure form presents a low sensory acceptability, which is due to
the unpleasant flavour caused by the high content of mineral salts. Although the fermentation process
considerably improves the sensory profile and acceptability of the product, it is not sufficient to achieve
acceptability values comparable to those obtained with milk drinks made with milk [4]. In this sense,
it is also interesting to use the previously demineralised sweet whey as an input for fermentation,
to obtain a product with greater acceptability. To solve this drawback, some authors have produced
fermented beverages from sweet whey with the addition of milk at different levels, significantly
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improving its aroma and flavour characteristics, thus causing an increase in the acceptability of the
products [5–8]. In these articles, fermented beverages were made with a different degree of milk
substitution with sweet whey. The main limitation found was that, sensorially, the substitution of
milk with sweet whey is only viable up to an average of 50% since the acceptability of the product
falls afterwards because the texture of the product is not adequate, and unwanted flavour is detected.
Regarding the nutritional aspects, fermented milk is an important source of nutrients and provides
beneficial health effects, such as stimulation of the immune system, cholesterol reduction, appetite
regulation, and a decreased risk of some types of cancer [9,10]. In addition, the organic acids generated
during the fermentation process, such as lactic acid, help the absorption of iron from other foods [11].

The sensory profile in the development of a food product is traditionally obtained using a
descriptive analysis through a panel of trained assessors [12]. This methodology provides very accurate
and reproducible results; however, it has the disadvantage of consuming significant amounts of time
and is relatively costly [13]. In this context, several rapid sensory characterisation methodologies have
been developed in recent years. These have the advantage of reducing the time needed to obtain results
and lower associated costs, in addition to being able to be performed by individuals without prior
training [14]. Pivot profile (PP) is a rapid descriptive methodology developed by Thuillier [15] to obtain
descriptive information based on the free description technique and is very commonly used in that area.
The methodology has been used in the sensory characterisation of champagnes [16] and dairy products,
such as chocolate ice cream [17] and Greek yoghurts [18]. Although this methodology allows a very
good description of the products evaluated, the data analysis is often very difficult and slow because
all the text generated by the assessors must be analysed and interpreted [19]. Check-all-that-apply
(CATA) questions are a quick and practical descriptive method to obtain information about how the
characteristics of the products are perceived. These questions consist of a list from which individuals
choose words or phrases that they consider appropriate for the product they are evaluating [20].
This methodology has been widely used in sensory analysis due to its simplicity and because it is easy,
intuitive, and requires less cognitive effort from the participants compared to other techniques [14,21].

In this context, the objective of this work was to compare the results of the PP technique
applications and a variant of the PP technique using CATA questions (PP + CATA) with panels
of semi-trained assessors in the development of a fermented milk drink from demineralised sweet
whey. In this way, we sought to automize the data analysis and avoid the generated text analysis
stage, since the terms used to describe the samples in this variant of the technique would be selected
in advance and all the assessors would use the same vocabulary.

2. Materials and Methods

2.1. Formulations

For the processing of the samples as a base formula, the following were used: 8% partially
demineralised (40% mineral content reduced) and dehydrated sweet whey (Conaprole, Montevideo,
Uruguay) and 0.3% gelatin (Boom 220, Bloom, Leiner Davis, NY, USA). Nine samples were
developed varying the concentrations of commercial sucrose, modified cassava starch (SuperCorp 75,
Horizonte Amidos, PR, Brazil), and whole milk powder (Conaprole, Uruguay), following a factorial
design of three variables and two levels (Table 1). In each formulation, drinking water treated through
reverse osmosis was used to make up the solutions to 100%. The concentration ranges were selected
based on preliminary trials. Sucrose concentrations were chosen to reflect those usually found in
commercial fermented beverages, and reported articles in which milk was added to the whey as a
method for increasing the acceptability of fermented whey products [8,22–24]. In this way, samples
with different sensory characteristics were obtained, both in texture and flavour.
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Table 1. Concentrations used in the formulation of samples 1.

Samples Milk Powder (%) Starch (%) Sugar (%)

A 2.5 0 4
B 2.5 0 6
C 2.5 1 4
D 2.5 1 6
E 5.0 0 4
P 5.0 0 6
G 5.0 1 4
H 5.0 1 6

1 Each formulation contained 8% partially demineralised and dehydrated sweet whey and 0.3% gelatin.

In the present work, sample P was randomly selected (Table 1) as the Pivot. According to [16],
the selection of the Pivot sample generates a minimal effect on the results obtained using this
methodology and therefore is not a key aspect for the good performance of the method. This criterion
was used in a sensory characterisation study of ice cream, in which the Pivot sample was selected at
random [17].

2.2. Elaboration Process

The water required for each formulation was heated at 50 ◦C and then mixed with the solid
ingredients for 5 min at 100 rpm. Next, the heat treatment was carried out, bringing the mixture to
a temperature of 85 ◦C, which was maintained for 5 min, stirring at 200 rpm. The mixture was then
placed in 1000 mL Durham glass bottles with sterile lids and cooled in a water bath until reaching a
temperature of 42 ◦C. Then, the mixture was inoculated with a lactic ferment dispersion (Yo-Mix 205
LYO 250 DCU, Danisco, France) to obtain an initial concentration in the mixture of 0.2 direct culture
units/L. It was gently shaken manually with care so as not to add air. Fermentation was carried out in
a temperature controlled oven at 42 ± 1◦ C. The process was monitored by means of pH and ended
when a value of 4.5 was reached. The fermentation time depended on the corresponding formula
and was approximately 4 to 5 h. Then, the mixture was cooled to 25 ◦C in a water bath. Once that
temperature was reached, each sample was agitated at 100 rpm for 3 min. Subsequently, it was stored
at 4 ◦C until its evaluation, which was carried out 24 h after. Both the heat treatment and the agitation
of the mixture was performed using a Taurus My cook kitchen robot (Taurus S.A., Spain).

2.3. Panels of Semi-Trained Assessors

Twenty individuals were selected who had previous experience in participation as sensory
assessors of panels of descriptive analysis of different foods. These individuals were divided into
two groups according to the previous experience of each individual in sensory evaluation. This was
done so that there would be no difference in their sensory evaluation experience between both
groups. Both panels evaluated the samples, but followed two different methodologies. One panel
evaluated the samples following the PP methodology, while the other used PP + CATA. All evaluations
were conducted in duplicate in two different sessions in a standardised sensory evaluation room
according to [25]. RedJade software (RedJade, Redwood Shores, CA, USA) was used as an interface for
data collection.

2.4. Pivot Profile

Each panellist received samples in pairs (one identified as the Pivot and another coded with
three-digit numbers in alternate presentation order). For each pair, they were asked to write down
(in the assessor´s own words) the sensory attributes that they thought the sample had in greater and
lesser intensity than the pivot sample, focusing on the texture and flavour attributes. Between the
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evaluation of samples, each panellist had to drink a little water and wait 30 s before continuing with
the next one.

2.5. Pivot Profile + CATA

The form of evaluation following this variant of the methodology was similar to that of PP except
that the panellists did not have to write the attributes. Each panellist received two lists of 23 sensory
attributes of flavour and texture (Table 2). In the first list, the assessor had to select the attributes they
thought the sample had in greater intensity than the pivot. Then, in the second list, the panellist had to
select the attributes they thought the sample had in lesser intensity than the pivot.

Table 2. Attributes used in the PP + CATA methodology.

Flavour Texture

Aftertaste Rough
Butter flavour Firmness

Cooked Liquid
Characteristic flavour Melting speed

Artificial Mouth coating
Dairy flavour Sticky

Strange flavour Soft
Salty Lumpy
Sour Filamentous
Bitter Gummy
Sweet Gelatinous

Creamy

The attributes were selected based on a literature review on possible sensory descriptors present in
fermented milk drinks and yogurts, both traditional and with added dairy whey [22,23,26]. To evaluate
the reproducibility of both panels, the Pivot sample was used as a blind sample and is observed in the
results as P’ [27].

2.6. Data Analysis

2.6.1. Pivot Profile

The data were analysed according to [16]; all the attributes generated were grouped semantically
into two categories: flavour and texture. Then, words with the same meaning (synonyms) were
grouped within the same attribute, for example: astringent, rough, and shrivelled, using a dictionary
to identify them. Next, a data table was created as follows. For each sensory attribute defined in the
previous stage, we quantified the number of times that the attribute was mentioned as being more
intense than the pivot (positive frequency) and the times it was mentioned as less intense than the pivot
(negative frequency). The negative frequency was subtracted from the positive frequency, resulting in
a data table containing positive and negative values. To obtain a contingency table containing only
positive values, the lowest value of the table was added to each value of the table. Thus, the lowest
value of the table was transformed into absolute zero and all data in the table were converted to a
positive value or zero. From this table, a correspondence analysis (CA) was performed.

2.6.2. Pivot Profile + CATA Data Analysis

In this case, it was not necessary to perform the grouping and classification of attributes because
they were already established when using the CATA questions. The frequency of selection of each
term of the CATA question used to describe the sample was calculated as more intense than the pivot
(positive frequency) and as less intense than the pivot (negative frequency). The negative frequency
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was subtracted from the positive frequency and the table was transformed so that it only contains
values greater than or equal to zero. Then, from the obtained table, a CA was conducted.

2.6.3. Comparison of Obtained Sensory Maps

To compare the results obtained using the PP methodology and its variant using CATA questions,
the correlation coefficient Rv between the coordinate matrices of the samples was determined in the
first two dimensions of the respective correspondence analysis [28]. In addition, the significance of
the Rv coefficient was determined using a permutation test [29]. To visually compare the similarity
between the sensory configurations of the samples obtained through both methodologies, a multi
factorial analysis (MFA) was performed on the coordinates of the samples in the first two dimensions
of the corresponding CA. All statistical analyses were performed using XL-Stat 2017 software
(Addinsoft, Paris, France).

3. Results

3.1. Pivot Profile

Figure 1 shows the representation of the samples and attributes generated by the assessors in
the description of the samples using the PP technique in the first two factors of the CA. In this case,
the first two factors explained almost 91% of the variability of the experimental data obtained.

 

sour

bitter

yellow

roughcookedcreamy

sweet

firm
fatty

lumpy

homogeneous

fluid

dairy flavour

flavour intensity
salty

bland

mild

earthy

vanilla

H

E

D
P´

A

B

C

G

P

-0.8

-0.6

-0.4

-0.2

0

0.2

-0.4 -0.2 0 0.2 0.4

F2
 (4

2.
13

 %
)

F1 (48.78 %)

Symmetric plot (axes F1 and F2: 90.91 %)

Figure 1. Representation of the samples and attributes in the first two factors of the correspondence
analysis of sensory data obtained using Pivot profile (PP). Texture attributes are shown in italics and
flavour attributes in regular type.

The attributes that explain the flavour differences found in the samples are the sourness and
sweetness. As for the texture, they differed due to their creaminess, firmness, and fluidity.

The first factor, which explained 48.8% of the variability, was associated positively with the fluidity
or liquid texture of the samples and negatively regarding creaminess and firmness. These results show
coherence in the sensory descriptions obtained, since they are opposing characteristics. On the other
hand, the second factor was associated positively with sourness, while negatively with the sweetness
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of the samples, explaining a variability percentage of 42.1%. As observed in the first factor, the results
show relative coherence. As shown in Figure 1, the other attributes are located very close to the origin
of the graph coordinates, so these attributes did not serve to discriminate the samples.

Evident differences can be observed in the evaluated samples, since they are dispersed in the
four quadrants of the sensory map obtained from the CA (Figure 1). Samples A and B were the
most liquid, least creamy, and least firm. In turn, they differed in terms of flavour, with being A the
same as C and with E being more sour than B. In addition, sample B was sweeter than the others.
These results are consistent with the formulation of the samples shown in Table 1. Samples A and
B were prepared with a low level of milk (2.5%) and without modified starch; the only difference
was in the sucrose content, which was higher in sample B. Regarding samples C and D, both were
characterised as fluid but not as much as for samples A and B. Their difference was also given by the
sweetness and sourness, which is consistent because these samples differed in their formulation only
in their sucrose content. The difference in the sucrose content used in this study influences the sensory
profile of the product. Moreover, the modified starch used reduces fluidity and increases the feeling of
creaminess and firmness of the samples. Regarding the texture of samples G and H, these were those
of a greater creaminess and firmness and less fluidity. This shows that the samples, when elaborated
with a high level of milk (5%) and modified starch, have those characteristics. In turn, sample H was
perceived as having a greater sweetness intensity than G, which is consistent with the sucrose content
of both samples.

In this case, sample P’ is almost in the same position as the Pivot sample (P). The panel seemingly
behaved in a reproducible way.

3.2. Pivot Profile + CATA

The results obtained using the PP + CATA methodology are illustrated in Figure 2. The first two
factors explained 89.4% of the variability of the data. The first factor explained 63% of the variability in
this case, while the second factor explained 26.3% of the variability.
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Figure 2. Representation of the samples and attributes in the first two factors of the correspondence
analysis of sensory data obtained using PP + CATA. Texture attributes are shown in italics and flavour
attributes in regular type.
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The attributes that most differentiated the samples in this case were liquid, creamy, firm, and sweet.
The first factor was associated positively with the liquid texture attribute and negatively with
the creamy and firm attributes, while the second factor was associated positively with sweetness.
With respect to the sensory description obtained from the samples, the methodology achieved good
discrimination between the samples because they are distributed in the four quadrants of the graph,
and their sensory characterization is very similar to that obtained using PP. On the other hand,
the positions of samples P and P’ are very close in the map; therefore, the panel behaved in a
reproducible way when using this sensory methodology.

3.3. Comparison of Obtained Sensory Maps

The sensory configurations obtained in both sessions are shown in Figure 3. They illustrate that
the sensory spaces established through both methodologies are very similar because the samples in
both methodologies are located near one another in the plan. On the other hand, a highly significant
(p = 0.001) value was obtained in the Rv coefficient (0.89) between both configurations.
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Figure 3. Representation of the superimposed samples in the MFA of both methodologies.
All the samples are represented by two points corresponding to each applied methodology
(PP and PP + CATA). In turn, a third point, which corresponds to the consensus representation and
considers both instances of evaluation, is presented.

4. Discussion

The results obtained through both methodologies were very good in terms of the power of
discrimination of the samples. With the PP methodology, it was possible to explain 90.9% of
the variability obtained, while this figure was 89.4% when using PP + CATA. At the same time,
the attributes by which the samples were discriminated in both methodologies were practically the
same. For PP, these were sweetness, sourness, fluidity, creaminess, and consistency. For PP + CATA,
the samples were discriminated by these same attributes except for sourness. In this case, the sourness
was not very well explained by any of the factors of the CA.
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However, in both methodologies, the samples were perceived in a similar way from the sensory
point of view and the configurations obtained in both CAs were also similar, which is evident,
considering the obtained Rv value herein, 0.89. The Rv coefficient is used as a way of comparing two
different factorial configurations. When the value is closer to 1, the correlation these configurations
will have is higher, and the closer to 0, the lower it will be. This coefficient depends on the relative
position of the points in the configuration and is independent of the rotation and translation [28].
The minimum value to assert that two configurations are relatively similar that has been used in
different articles when performing comparisons is between 0.65 and 0.90 and has been widely used
in the comparison of data obtained with consumers through PP, CATA questions and Napping [18],
PP and free comments [17], Napping in different conditions [30], questions [23,31], different instances
of word associations [32], and in performance evaluations of panels of trained sensory assessors [33].

One of the advantages of the use of open response methodologies, such as PP, is the freedom in the
language used to describe the samples by the evaluators and the richness in their variety [34]. In this
sense, this methodology has an advantage over the variant used in this study using CATA questions
(PP + CATA) because, in the latter, it is very important to correctly select the attributes, which is
something typical of the CATA question methodology. In contrast, PP has a disadvantage in that the
analysis of the generated text to describe the sample stage can be complex and time-consuming, and it
has some degree of subjectivity due to researchers’ interpretation and categorisation of terms written
by assessors [32]. This problem could be solved using the proposed variant (PP + CATA) because the
data analysis is clearly simplified, as it is not necessary to perform any text analysis due to the use of
the previously predefined language.

The results obtained in this study are similar in terms of the sensory description of the samples
and the factorial spaces obtained using semi-trained judges; thus, the proposed PP variant is likely to
be useful for the evaluation of dairy products, such as those used in this study.

5. Conclusions

The application of a rapid descriptive sensory methodology, such as PP, enables the evaluation
of the influence of different ingredients and concentrations of them in the sensory characteristics of
the samples. With the variant used, which combines PP with CATA questions, the results were very
similar to those obtained when using PP, but the data analysis was clearly simplified by eliminating
the text analysis. Notwithstanding, future studies that compare the results obtained when using PP
and the proposed variant (PP + CATA) in other products that compare the results of both techniques
obtained with semi-trained assessors and with consumers should be conducted.
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Abstract: The different shapes and sizes of wine glass are claimed to balance the different wine
aromas in the headspace, enhancing the olfactory perception and providing an adequate level of
oxygenation. Although the measurement of dissolved oxygen in winemaking has recently received
much focus, the role of oxygen in wine tasting needs to be further disclosed. This preliminary study
aims to explore, for the first time, the effect of swirling glasses of different shapes and sizes on the
oxygen content of wine. Experimental trials were designed to simulate real wine tasting conditions.
The O2 content after glass swirling was affected to a considerable extent by both the type of wine
and the glass shape. A lack of correlation between the shape parameters of five glasses and the O2

content in wine was found which suggests that the nonequilibrium condition can occur during wine
tasting. The International Standard Organisation (ISO) glass—considered to be optimal for the wine
tasting—allowed less wine oxygenation than any other glass shapes; and the apparent superiority of
the ISO glass is tentatively attributed to the more stable oxygen content with time; i.e., less variability
in oxygen content than any other glass shape.

Keywords: glass swirling; glass shape; nonequilibrium conditions; oxygen sensor; wine tasting

1. Introduction

Although the critical role of oxygen in enology has recently been disclosed from a chemistry [1]
and winemaking point of view [2–4], little information is available from the sensory perspective.

Before tasting, the glass of wine is usually “swirled” by holding the glass by the stem and gently
rotating it. This action, technically called ‘orbital shaking’, increases the surface area of the wine by
spreading it over the inner part of the glass and consequently enabling some evaporation to take
place [5]. Moreover, it is also expected to draw in some oxygen from the air. The ingress estimated on
the undisturbed surface of a wine is about 200 mg/h/m2 [6].

The physics of wine swirling was recently investigated with an elegant fluid dynamic approach,
which modelled the pumping mechanism induced by the wave propagation along the glass wall [7].
Three factors seemed to determine whether the team spotted one big wave in the wine or several
smaller ripples: (i) the ratio of the level of wine poured in to the diameter of the glass; (ii) the ratio of
the diameter of the glass to the width of the circular shaking; (iii) and the ratio of the forces acting on
the wine. From a practical point of view, these findings suggest that the mixing and oxygenation may
be optimized with an appropriate choice of shaking diameter (d) and rotation speed (rpm). In this
view, the glass shape parameters (Figure S1) can play a key role as they may influence the perceived
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volume of wine [8], and the perception of wine odors [9–11], and color [12–14], and therefore the
consumer’s preference [15,16] as well. Moreover, with time, the glass shape affects the change of
headspace chemical composition of wine poured inside, and the D ratio (i.e., maximum diameter
divided by opening diameter) seems to be the most important parameter relating glass shape to
headspace composition [17].

Considering that both consumers and professional wine tasters usually swirl the glass of wine for
approx. 10 to 20 s to unlock odors, there is a need for information to disclose the effect of glass shape
on the oxygen content of wines during simulated tasting condition.

This preliminary trial aimed to study whether the glass shape can affect the oxygen content in
wine under both static and dynamic conditions (i.e., swirling), the latter to simulate the standard
procedure of sensory evaluation of wine. The use of optical oxygen sensors (also called minisensors)
allowed for the first time the on-line non-invasive and non-destructive oxygen measurements in a
glass under dynamic conditions.

2. Materials and Methods

2.1. Samples

Both red and white wines were selected for this study, including (i) a Rebola ‘Nita’ white wine
Colli di Rimini DOP 2013, (ii) a Sangiovese red wine Carlo Leo Romagna DOP 2013, and (iii) a
Cabernet Sauvignon ‘Tano’ Colli di Rimini DOP 2013 (Az. Agric. Le Calastre, Rimini, Italy).
Sangiovese is the main red grape in Italy, Cabernet Sauvignon is a well know international grape
variety, and Rebola is an emerging local white grape variety of great interest as well. The bottled
wines were provided by the producer and were stored at room temperature (20 ± 1 ◦C) until the
swirling trials. Preliminary characterization of wine composition (Table S1) was carried out according
to endorsed methods (RESOLUTION OIV/OENO 390/2010).

2.2. Oxygen Measurement

Non-invasive dissolved oxygen (DO) in wine was measured using an OXY-4 oxygen meter
(PreSens GmbH, Regensburg, Germany) equipped with a polymer optical fiber and PSt3 spot,
also called minisensor (Presens GmbH). The PSt3 spot had a thickness of 1 mm, a diameter of 4 mm,
and a response time (t90, the time for 90% of the change in signal to occur) of 10 s. In each glass,
one minisensor was glued 5 mm below the wine level and calibrated with water at a controlled
temperature according to the manufacturer’s instructions (Figure S2). In each bottle, once uncorked,
the dissolved O2 content of wine was directly measured with an oxygen-dipping probe (Presens GmbH)
placed in the middle of the bottle in a dynamic regime (i.e., with stirring). Before bottling the wines,
three glass bottles (750 mL) were equipped with two minisensors each to ascertain both the headspace
and the dissolved O2 content in static regime (i.e., bottled wines).

2.3. Glasses

Six different wine glasses were selected for this study, including the ISO official-tasting glass
(Bormioli, Parma, Italy) (Table 1; Figure 1). Glass parameters were measured according to the literature
(Hirson, Heymann and Ebeler 2012) and each glass was filled with a fixed volume of wine (50 mL) to
fit the conditions commonly used during professional wine tasting [18].

2.4. Swirling Trials

To simulate the gesture of hand swirling during wine tasting, each glass of wine was placed onto
an orbital shaker (model 709/R ASAL, Cernusco s/N, Italy) with a shaking diameter of 3 cm and a
shaking speed of 150 rpm (this value was optimized with preliminary screening trails from 100 to
250 rpm). Each glass of wine was swirled for 10, 20 and 40 s, using independent wine samples.
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Table 1. Glass shape parameters, sample volumes and mass transfer coefficient (kLa) for dissolved
oxygen trials.

No.
Glass
Name

Opening
Diameter

(mm)

Maximum
Diameter

(mm)

Wine
Diameter

(mm)

Height
(mm)

Headspace
Height
(mm)

D Ratio *
Fill
(mL)

Headspace
Volume

(mL)

kLa
(s-1)

1 ISO 45.2 63.9 63.5 94.5 68.1 1.41 50 165 0.0001
2 Fresh 49.7 79.0 71.7 116.1 89.2 1.59 50 330 0.0003
3 Mature 53.8 83.2 73.9 128.3 100.7 1.55 50 440 0.0002
4 Rich 67.6 89.8 78.2 130.6 105.7 1.33 50 540 0.0005
5 Reserve 73.0 95.8 81.6 142.5 115.8 1.31 50 710 0.0005
6 Super800 73.4 116.1 89.6 107.7 85.8 1.58 50 750 0.0003

* Maximum diameter divided by opening diameter.

Figure 1. Glasses tested for the experimental trials (see Table 1 for details).

2.5. Experimental Design and Statistical Analysis

The four variables (6 glass types, 3 wines, 3-time readings, 3 replicates for each glass) required
162 independent measurements. Statistical analysis was based on a paired t-test (p-level < 0.05) using
the Unscrambler X (v. 10.3, Camo ASA, Oslo, Norway).

3. Results and Discussion

The oxygen content was measured (i) before and after opening the bottle of wine and (ii) before
and during the glass swirling trails, for which protocol was designed to simulate the usual wine
tasting by consumers and experts. As expected, the concentration of oxygen in bottled wine was very
low with an average range from 4 to 14 μg/L for headspace O2, and in the range of 3 to 29 μg/L
for dissolved O2 in wine. In bottled wine, the rate of O2 dissolution was less than the consumption;
however, once the bottles are opened the wine comes into contact with air and the oxygen content
is expected to rise. In fact, soon after opening the O2 content in bottled wine increased regularly up
to 0.99 mg/L in 15 min (Figure 2). These findings are consistent with the initial oxygen absorption
capacity of Madiran red wines with pH 3.78 [19]. The O2 accumulation in wine implied that the rate of
oxygen dissolution was higher than the rate of its uptake. The latter can be (indirectly) measured by
the drop in SO2. According to Boulton [20], the oxygen consumption reactions in wine involve the
phenolic compounds as the main substrates and the oxygen consumption is the rate-limiting reaction.
The rates of this reaction are first order in oxygen concentration and catalyzed by ferrous ion; therefore,
the rate constant would be related to the ferrous ion concentration, but the rate law would depend
only on the oxygen concentration. The amount of oxygen found after 15 min most likely increases
the wine redox value of ca. 25 mV and will theoretically consume ca. 4 mg/L of sulfur dioxide [21];
both parameters could affect the sensory properties of wines to some extent [4,13].
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Figure 2. Time course of dissolved oxygen in wine after opening (time zero).

As time progresses, the dissolved oxygen content in wine is expected to reach a plateau
approaching the saturation value of ca. 8.6 mg/L at 20 ◦C [22]. This postulate was confirmed by
monitoring with time the dissolved O2 in a wine glass under firm conditions, i.e., unstirred, unshaken,
directly after pouring (Figure 3). The glass n. 5 showed a very fast O2 intake followed by the glass n. 4,
whereas the wine poured on the ISO glass (No. 1), commonly used in professional wine tasting, showed
the lowest and most stable O2 content. Although dissolved oxygen mostly depends on the surface area
of wine exposed and the exposure time, a lack of significant correlation was found between the glass
shape parameters and the O2 content in wine. To explain this result, the hypotheses of nonequilibrium
conditions and complex interaction among parameters were formulated.

 

Figure 3. Time course of oxygen dissolution in wine glass under firm conditions. Legend: lines 1–6
refer to different glass shapes (see Table 1 for details).
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For any specific wine, the variation of the dissolved oxygen concentration with time can be
arranged as:

dO2

dt
= kLa·(O∗

2 − O2)

where: kLa: volumetric mass transfer coefficient (T−1); O2 Dissolved oxygen concentration in wine
(mg O2 L−1); O∗

2 Oxygen equilibrium concentration in wine (mg O2 L−1).
Therefore, the volumetric mass transfer coefficient is the aggregate result of both contributions:

the resistance to mass transport in the liquid side (kL) and the interfacial area (a).
The oxygen transfer rate will decrease during the period of aeration as O2 approaches O∗

2 due to
the decline in the driving force (O∗

2 − O2). The experimental kLa values of wines in opened bottle and
glasses were tentatively estimated upon monitoring the increase in the dissolved oxygen concentration
of a wine during aeration and agitation and by plotting of oxygen deficit (O∗

2 − O2) versus time (t)
on a semilogarithmic graph. The slope of the regression line determined the overall mass transfer
coefficient (kLa), which showed 5 times variation in the range 0.0001–0.0005 s−1 (Table 1), with kLa of
wine in open bottle at the low value of 0.0001 s−1. As the estimated kLa values refer to static conditions
(i.e., non-agitated vessels—bottle or glass—and lack of gas supply, e.g., micro-oxygenation) the current
findings are consistent with data from the literature. The mass transfer coefficient (kLa) in the aerated
model wine solution range between 0.00145 s−1 [23] and 0.013 s−1 [24], the values of which are affected
by several parameters, including the oxygen gas flow rate and the intensity of agitation. The best
estimate of the rotational speeds effect is given in terms of liquid side mass transfer coefficient (kL)
which increases more than 9 times as rotational speed increases from 50 to 120 rpm [25]. Remarkably,
kLa is found to increase following a power law with exponent rising from 0.5 to 3 due to significant
increases in the interfacial area due to vortex [26].

During professional wine tasting for appellation certification, the wine is held in a glass for about
5–10 min and swirled for approx. 5–30 s before tasting. In this view, the swirling trails were designed
to verify the likely occurrence of nonequilibrium conditions during the sensory evaluation of wine.
The initial O2 content at time zero (T0) was always measured before each swirling trials for every glass
shape. The O2 content after glass swirling was affected to a considerable extent by both the type of
wine and the glass shape. Short swirling time (up to 20 s) most often decreased the dissolved oxygen in
glass wine (Table 2), while O2 significantly increased at T40 in Rebola white and Sangiovese red wines
for all glass shape, except for glass n. 1 in Sangiovese trial. In contrast, the O2 content in Cabernet
Sauvignon wine increased only in glass n. 5 and n. 6 at T40. It seems that the Cabernet Sauvignon
would require more time to enhance the O2 content compared to the other two wines, which are lower
in polyphenolic compounds and SO2.

According to the Henry’s law, the oxygen uptake resulting from the presence of antioxidants in
wine is rapid and follows a largely exponential form [20]. The alternative hypothesis that O2 is initially
stripped out from solution by the release of CO2 is postulated. Clearly, the ISO glass (No. 1)—usually
considered to be optimal for wine tasting—allowed less wine oxygenation than any other glass shape.
Considering that the O2 content of wine most likely affects the performance of sensory evaluation,
based on our findings, the apparent superiority of the ISO glass is tentatively attributed to the more
stable oxygen content with time, i.e., less variable than any other glass shape.

The current results under the dynamic regime substantiate the findings of Venturi et al. [27] who
also investigated the influence of glass shape on the dissolved oxygen content of a rosé wine under
static conditions—using the polarographic ADI dO2 sensor—for which equilibration time was found
to be approx. 1 h.

In conclusion, the current preliminary study showed that pouring wine into a glass considerably
affects the O2 content and the likely occurrence of nonequilibrium condition requires a careful
standardization procedure during a real wine tasting.
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Table 2. Heatmap plot of dissolved oxygen (mg/L) in wine glasses at time zero (T0) and after 10, 20
and 40 s (T10, T20, T40). Legend: glass 1–6 refers to different shape (see Table 1 for details). The symbol
in letters (a, b) refers to significant paired difference between samples (p-level = 0.05) if occurred.

Rebola White Wine: Dissolved O2 (mg/L)

Glass T0 T10 T0 T20 T0 T40

No. 1 3.0 2.9 2.9 3.0 2.7 3.1
No. 2 3.1 a 2.2 b 4.3 4.1 3.4 a 4.2 b

No. 3 4.2 4.2 3.1 a 4.3 b 3.1 a 4.5 b

No. 4 3.0 3.0 3.1 3.2 3.8 a 4.7 b

No. 5 3.9 a 3.0 b 3.7 3.5 3.5 a 4.2 b

No. 6 2.8 2.5 3.0 3.3 4.5 a 6.0 b

Sangiovese Red Wine: Dissolved O2 (mg/L)

Glass T0 T10 T0 T20 T0 T40

No. 1 2.8 2.8 2.9 a 2.3 b 3.5 3.1
No. 2 3.2 3.4 3.2 2.9 2.7 a 3.6 b

No. 3 2.8 3.3 3.3 3.0 3.3 a 4.0 b

No. 4 3.1 2.7 3.3 2.9 3.0 a 4.2 b

No. 5 3.4 2.8 3.2a 4.2 b 3.1 a 4.2 b

No. 6 2.8 3.0 3.1 3.1 3.8 a 5.0 b

Cabernet Sauvignon Red Wine: Dissolved O2 (mg/L)

Glass T0 T10 T0 T20 T0 T40

No. 1 2.8 2.8 2.9 2.3 2.9 3.0
No. 2 4.2 a 3.0 b 3.9 a 2.8 b 4.2 a 3.3 a

No. 3 3.0 2.7 4.0 a 3.1 b 4.1 3.8
No. 4 3.5 3.0 3.2 2.8 4.6 4.1
No. 5 3.2 3.1 3.8 3.4 3.8 a 4.5 a

No. 6 3.4 3.5 3.4 3.8 4.3 a 5.5 a

Supplementary Materials: The following are available online at www.mdpi.com/2306-5710/4/1/3/s1. Figure S1:
Glass parameters, Table S1: Chemical composition of wines, Figure S2: Experimental online measurement.
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Abstract: An increasing body of literature demonstrates that consumers associate visual information
with specific gustatory elements. This phenomenon is better known as cross-modal correspondence.
A specific correspondence that has received attention of late is the one between round forms and
sweet taste. Research indicates that roundness (as opposed to angularity) is consistently associated
with an increased sweetness perception. Focusing on two different cup forms (round versus
angular), two studies tested this association for a butter milk drink and a mate-based soft drink.
Results, however, were not able to corroborate the frequently suggested correspondence effect, but a
correspondence was found between the angular cup and a more bitter taste for the soft drink. These
results are discussed in light of previous findings matching sweetness with roundness and bitterness
with angularity, hopefully aiding researchers in this field in conducting future experiments.

Keywords: cross-modal correspondence; shape; taste; beverage

1. Introduction

Recent research in sensory marketing highlights the fact that forms and visuals can influence
perception of foods, a phenomenon known as cross-modal correspondence [1]. Specifically, perception
through one or more senses, such as vision and touch, can influence perception in other modalities,
such as taste [2] (see [3] for a recent review specifically related to beverages). Across a range of food
products, round forms are believed to be associated with a sweeter taste [1], which is corroborated
through a number of experiments [4]. Although such effects are readily discerned in exploratory
research and shape-taste matching studies [4,5], it also seems to hold for empirical research involving
actual food products. For instance, sweeter beers, as well as sweeter chocolate, are more strongly
associated with round shapes [6,7]. These studies, however, rely mostly on controlled laboratory
conditions and within-participants designs, where consumers can carefully deliberate associations
between sweetness and roundness across shapes. Recent research, however, extends these laboratory
results to actual retail settings by showing that consumers, in fact, perceive hot drinks (coffee and
chocolate) consumed from cups with round surface patterns to be sweeter than when consumed from
cups with angular surface patterns [8].

Empirical evidence thus indicates the non-randomness of associations between round shapes and
sweet tastes. Here, I report two studies concerning container shape effects, designed to corroborate the
“round equals increased sweetness” heuristic using two different beverages; a butter milk drink and a
mate-based soft drink. Contrasting previous work, both studies failed to find differences in terms of
sweetness perception. The taste of the mate-based soft drink, however, was found to be bitterer when
consumed from an angular cup. In reporting these results, I aim to aid cross-modal correspondence
researchers in making better choices in designing future experiments, and as such advance science’s
cumulative nature in this important field.

Beverages 2018, 4, 12; doi:10.3390/beverages4010012 www.mdpi.com/journal/beverages63
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2. Study 1

2.1. Materials and Methods

2.1.1. Design, Participants, Stimuli, and Procedure

The study used a one-factor (drinking cup: angular versus round) between-subjects design.
A total of 86 consumers (58.1% female, mean age = 46.89, SD = 19.47, range = 18–79) were intercepted
randomly (i.e., every fifth visitor) upon entering a large, local supermarket, and were invited to
participate in the tasting of a strawberry-flavored butter milk drink. Strawberry-flavored butter milk
was chosen for its general non-conspicuousness, its fruit-flavored sweetness, and with the intent to
extend the evidence base of cross-modal correspondences to other product categories. No specific
ex- or inclusion criteria were applied, but, before participating, all participants were informed about the
product and the voluntariness of their participation, and were fully debriefed afterwards. The drinking
cups were hard transparent polystyrene cups, chosen based on their similarity in measurements and
volume (see Figure 1 for the two cups). To ensure that participants were unaware of the manipulation,
they were randomly assigned to either the round or the angular cup in batches of ten (i.e., first to tenth
participant drank from the round, eleventh to twentieth from the angular cup, etcetera). Participants
completed the questionnaire one after another using the same bar table situated near the entrance of
the supermarket. In both conditions they sampled an identical premium brand of strawberry-flavored
butter milk, and care was taken for all samples to include exactly the same amount of drink (40 mL).
Temperature of the drink was kept at a constant 7 degrees Celsius.

 

Figure 1. The angular (above) and round (below) cups used in the Study. Note: ruler measurement is
metric (cm).
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2.1.2. Measures and Analyses

To ascertain that participants held the cups long enough to get a feeling of the cup’s form, they
were first asked to answer questions regarding the smell of the product, assessed through the items
strong, powerful, and intense (α = 0.83 [8,9]). More importantly, perceived sweetness was assessed
through a single item (i.e., this drink has a sweet taste). Since sweetened butter milk has both sweet as
well as sour taste components, and because angularity can be associated with sourness [10], a related
question assessed how sour the drink was perceived (i.e., this drink has a sour taste). Complementing
basic taste perception, participants additionally assessed the strawberry flavor of the drink with the
items this drink . . . . . . tastes fruity, . . . has a dominant strawberry flavor, and . . . has a distinct strawberry
flavor (α = 0.87). Given that product form angularity is also related to intensity [9], taste intensity
was assessed through the items strong, powerful, and intense (α = 0.82 [8,9]). Accounting for subjective
differences, general product liking was measured through the item this product tastes very good.
To control for possible differences in taste experience based on the premise that angular cups are
commonly not used as drinking vessels, participants were asked to what extent they thought the
drinking experience was comical (reverse scored) and pleasant (α = 0.76). General preference for butter
milk was measured through the items I generally like butter milk and I often drink butter milk (α = 0.85).
The questionnaire ended with questions regarding age and gender. All measures were 7-point Likert
scales, ranging from 1 (completely disagree) to 7 (completely agree). Descriptives, frequencies, and
between-group differences were calculated, where applicable, through analyses of variance, using IBM
SPSS Statistics 22.

2.2. Results

Four consumers did not understand the questionnaire, or submitted non-usable answers
(e.g., highlighting whole blocks of question items); their data sets were eliminated, reducing the analysis
sample to 82 (57.3% female, mean age in years = 45.91, SD = 19.37, range = 18–79, two participants
did not report their age). Preliminary analyses of variance showed that there were no differences
between the two groups regarding age and gender (both F’s < 1), nor in general liking of butter milk
and drinking experience (both F’s < 1).

Table 1 lists respondent age and gender distribution, together with means and standard deviations
for all dependent variables, per group. Although slightly redundant (given these figures), a multiple
analysis of variance, testing differences in the dependent variables depending on the independent
variable (cup form: angular versus round) showed no differences between groups for any of the
dependent variables (all F’s < 1). P- and F-values have been omitted from Table 1 due to the obviousness
of non-differences between the group means. Additional—explorative—analyses investigating
between-group differences showed no contingence on moderator variables (i.e., gender, butter milk
liking, and drinking experience).
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2.3. Discussion

Eighty-two supermarket visitors sampled a strawberry-flavored butter milk drink from either a
round or an angular cup. Against expectations, consumer responses showed little sign of the cross-modal
correspondence effect between round shapes and sweet taste. One reason for this unexpected finding
could lie with the product. Although the mean values for sweetness perception show no indication of
this, the approximately 11% sugar content may have been too sweet, limiting variance for effects to
occur. Another possibility could trace back to the specific mouth feel associated with butter milk, for
instance its creamy consistency. There is evidence that creaminess correlates with sweetness [11,12], which
may have influenced participants’ sweetness perception. At this point, however, both explanations are
speculative only.

Another reason could be that for round shapes to actually change taste perception, more is needed
than just the association between round shapes and sweet taste. This means that Study 1’s findings
are not meaningful with regard to whether consumers actually relied on this specific correspondence.
It can only be concluded that no downstream influences on taste perception took place. Wang, Reinoso
Carvalho, Persoone, and Spence [11] report on a study where pre-tasting evaluations of round versus
angular pieces of chocolate indeed showed a round equals increased sweetness bias, but effects
vanished when participants actually tasted the food [11]. As Wang’s study manipulated the shape of
the actual food, possible priming effects were lost when the food was eaten, indicating the possible
necessity of multisensory feedback during consumption (i.e., haptic and visual; [8]). Their findings,
together with the basic cross-modal correspondence claim as discussed in the Introduction here, might,
then, indicate that this specific correspondence possibly exists on multiple levels. A ‘weak’ claim,
associating round shapes with sweetness, and a ‘strong’ claim, that sweetness ratings are changed
due to exposure to roundness (cf. the different classes of correspondences in [1]). If this assumption
were correct, consumers might have associated the round cups with sweetness, but the strength of this
association was insufficient to change sweetness perception.

These limitations motivated Study 2, which investigates a different product category, and additionally
measures pre-consumption taste expectations in order to incorporate both the weak and strong claim
detailed above.

3. Study 2

3.1. Materials and Methods

Similar to Study 1, Study 2 used a one-factor (drinking cup: angular versus round) between-subjects
design. This time a convenience student sample was used (n = 89), consisting of students of two
Introductory Marketing courses (73% female, mean age in years = 23.31, SD = 2.88, range = 18–32).
As in Study 1, students were informed beforehand about the product and the voluntariness of
their participation, and were fully debriefed afterwards. All students completed the questionnaire
simultaneously, while seated in the same auditorium. They tasted a caffeinated soft drink based on
mate extract from either a round or an angular cup. The cups were identical to the ones used in Study 1
(see Figure 1). Choice of beverage was based on the premise that the soft drink constitutes another
beverage category, is non-creamy, would fit well with the student sample, and is less sweet (appr.
5.7% sugar) than the buttermilk drink sampled in Study 1. Additionally, paralleling sweetness, the
drink also incorporates bitter taste notes. The drink is common in Germany, and is comparable to
the brands Materva and Club Mate available in the US. Samples were again standardized in volume
(40 mL) and temperature (room temperature).

3.2. Measures and Analyses

One limitation of Study 1 was that it did not measure whether participants associated roundness
with sweetness, in addition to possible downstream effects on taste perception. In an attempt to
overcome this limitation, Study 2 required participants to rate their expectation of the taste of the drink
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before tasting it [11]. Taste expectation was assessed through the items I expect this drink to taste . . . . . .
sweet, . . . sour, and . . . bitter. Measures regarding the product’s smell (strong, powerful, and intense [8,9],
α = 0.81), liking (this product tastes very good), taste intensity (strong, powerful, and intense [8,9], α = 0.89),
mate-based soft drink preference (I generally like mate drinks and I often drink mate drinks, α = 0.83),
and drinking experience (comical (reverse scored) and pleasant, α = 0.87) mirrored those of Study 1.
It could be argued that the round cups might additionally be associated with smoothness. Therefore,
two additional items assessed taste smoothness (i.e., smooth and rough (reverse scored), α = 0.70, note
that the German words used in the questionnaire were mild and herb. The adjective rough is used here
in the absence of a better alternative.) The taste items (sweet and sour) were complemented with bitter.
As in Study 1, all measures were Likert scales, ranging from 1 (completely disagree) to 7 (completely
agree), and statistical analyses (i.e., analyses of variance) were calculated using IBM SPSS Statistics 22.
As such, Study 2 differed from Study 1 in its sample (students, versus supermarket visitors in Study 1)
and beverage (soft drink, versus a buttermilk drink in Study 1).

3.3. Results

Preliminary analyses of variance indicated no differences between the two experimental groups
in terms of age (F(1,83) = 2.18, ns), gender, general liking of mate-based drinks, and drink experience
(all F’s < 1).

Table 2 lists group characteristics, along with mean scores and standard deviations for all dependent
variables, separately for each group. No differences emerge between the two groups regarding
expected and actual sweet taste, or the intensity measures (all F’s < 1). However, two findings are
noteworthy; the taste of the drink consumed from the round (rather than the angular) cup is perceived
as being more smooth (difference of 0.40) and less bitter (difference of 0.76). Analysis of variance
shows the difference for bitter to be significant at α = 0.05 (F(1,87) = 4.45, p = 0.038, ηp

2 = 0.05; results
for smooth: F(1,87) = 1.33, p = 0.252, ηp

2 = 0.02).
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3.4. Discussion

Using a beverage from a different category, the findings from Study 2 shed additional light on
possible cross-modal correspondence effects between shapes and tastes [1]. The round cup, as in
Study 1, failed to induce increased taste perception of sweetness and visual expectations based only
on the cup’s shape were also not found. However, the drink in the angular cup was perceived as
more bitter in taste, a finding in line with the cross-modal correspondence effect relating angular
shapes to bitterness [6,8]. Although the small effect size warrants caution, this positive finding might
be interpreted as adding to the growing body of research on this topic. Additionally, although not
significant, the difference of .40 for smoothness between the two groups might be interesting for future
research to explore in more depth.

4. General Discussion

Correspondences across modalities (i.e., between vision and taste) are increasingly being researched
and tested, with reports indicating a seemingly fundamental link between round shapes and sweet
taste [1,13]. The goal of the studies reported here was to corroborate these findings by showing that
beverages consumed from a cup with round design elements (i.e., a round cup) were perceived as sweeter
than an identical beverage consumed from a cup with angular design elements (i.e., an angular cup).
However, the results of the two experiments showed little evidence for the correspondence between
round shapes and sweet taste. Moreover, not only was the drink in the round cup not perceived
as sweeter, the angular cup failed to induce a more intense taste experience [8–10]. Additionally,
the well-documented human preference for rounded designs and design features [14,15] did not
increase liking for consumers drinking from the round cup. Or, more accurately, if there indeed was an
increased liking for one of the cup’s shape, this did not spill over to liking for the actual product.

Although these studies were mainly focused on sweetness perception, the results of Study 2
regarding bitterness show that drinking vessel shape has the ability to change basic taste perception.
Hence, Study 2’s findings, positively equating angularity with a more bitter taste, may readily be
interpreted as additional evidence for this specific cross-modal correspondence [6], and the general
discernibility of such effects in between-subject experiments (that is, without a direct comparison [8]).
Interestingly, these findings are in line with a recent study that was unable to find effects of round latté
art shapes on sweetness expectation in coffee, but where the effects of angular shapes on bitterness
were found ([16], experiment 3). It is possible that the effects of angular shapes might be more deeply
ingrained in the human mind, due to their association with threat [15]. However, assuming that the
effect found is actually there, one has to conclude that individual cross-modal effects seem highly
susceptible to change depending on the beverage category or sample population. One also has to
wonder, then, why expectation effects (based on the beverage’s visual inspection) did not surface
here [11,16]. It is possible that other influences, like beverage color, might have played a larger role [17].
This limits the practical relevance of using shapes to communicate specific tastes, indicating that
front-of-package design elements (i.e., typefaces [18,19] or simple shapes [14]) may not be sufficient to
steer consumer response (i.e., expectations of taste) at the point of sale.

This leaves us to account for the null results regarding shape and sweetness across the two
beverage categories. The first explanation involves the cups used; although it is to date unclear why
cross-modal correspondences exist [13], it cannot be excluded that the round cup was insufficient to
induce (the expected) sweetness in taste (and for the angular cup to induce intensity, for that matter [9]).
Some might even argue that the cups used were not round enough to engage participants in what
leads to cross-modality effects on sweetness perception. Indeed, although the round cups are probably
as round as they can get, the haptic properties of the round and angular cups might not have been
distinctively different. The 3D-molds used in van Rompay et al.’s study [8], where effects between
round shapes and sweetness did show, had angular and round properties along the cups’ complete
outer surface. Contrast this with the cups used here, where participants might not have experienced
the different haptic feedback of angularity and roundness, but instead may have only felt the same
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smooth surface in both conditions. This might imply that, without the ability to rely on explicit
visual contrasts (i.e., other, different shapes), visual perception alone is ineffective in establishing
cross-modal correspondences between round shapes and sweet tastes without sufficient congruent
haptic information. This might also have been a reason for other null results reported in recent studies
investigating the relationship between round shapes and sweet taste in beverages [16,20].

A second explanation might lie within the product category. As mentioned, two recent studies
also failed to confirm the hypothesized round equals increased sweetness correspondence [16,20], one
for curved (versus straight-edged) beer glasses [20], the other for round (versus angular) shapes
of chocolate sprinkled on coffee [16]. Although butter milk (Study 1), mate-based soft drinks
(Study 2), coffee ([16], cf. 8) and beer [20] constitute only a fraction of the possible beverage categories,
finding null results across these four beverage categories might indicate that these beverages are not
suitable for investigating sweetness differences on the basis of visio-haptic information (roundness).
Cross-modality effects between round shapes and sweet tastes might, of course, exist perhaps only
for food products where taste consists of an intricate interplay of sweet, sour, or bitter components.
Positive results, not relying on direct comparisons of shapes, have been reported for coffee and
chocolate milk [8], although it is unclear how prominent the role of haptic feedback may have been.
Therefore, it cannot be excluded that shapes elicit specific tastes only when consumers are actively
engaging in taste searching on the basis of information provided, for example, when consciously
examining new products [1], or when specifically instructed to do so in a laboratory setting. Moreover,
effects for beverages are bound to rely on product-extrinsic cues like cups or packaging elements
(e.g., see [21] for an overview of the different ways beverage containers may influence perception,
for instance by changing how the liquid flows through the mouth), whereas for other food categories,
like chocolates [11,12], the shape of the product itself can be manipulated.

The third implication of these null results might be the non-replicability of this specific correspondence
effect for beverages. Although this possibility does not imply that the general tendency to equate round
shapes with sweet taste is non-existent, it does limit the practical usefulness of varying shape properties
to change taste perception. Moreover, effects of round shapes on increased sweetness perception have
been reported to rely on boundary conditions such as color [17], hedonic preference [4], emotional
valence [5], or even on the way answer scales are anchored [22], highlighting the difficulty of finding
correspondence effects between shape and taste. As such, it might be a good idea for future research
to focus on replication studies—either direct or conceptual—to solidify the foundation of cross-modal
correspondence research.

The main limitation of the studies reported here, admittedly, is their sample size. Depending
on effect size, in between-subjects experiments, the roughly forty participants per group may not
have been enough to discern effects where they exist [23,24]. This limitation, then, also extends to the
positive findings regarding bitterness in Study 2, which might either be easier discernable than effects
for sweetness and therefore easier to find in smaller samples, or might constitute a statistical artifact.

5. Conclusions

Two studies focused on whether consumers’ sweetness perception of two drinks could be altered
by the shape of the cup the drinks were consumed from. Both studies failed to generate evidence for
the commonly reported correspondence between round shapes and sweet tastes, raising important
questions for future cross-modal correspondence research. It still remains unclear how, and to what
extent, consumers use shapes as cues for a product’s (expected) taste [1].

Readers should note that, on the basis of these two experiments, I am not claiming that this particular
cross-modal correspondence effect is nonexistent. I am, however, cautioning against an over-reliance
on relative effects (i.e., explicit contrasts) for its practical relevance. As such, it appears important
that results like the present ones are made available to aid cross-modal correspondence researchers in
further clarifying if, how, and when cross-modal effects are to be expected, notwithstanding making
its practical relevance more clear.
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Abstract: We report on a preliminary study designed to assess the impact of the sound of the closure
on the taste of wine. Given that people hold certain beliefs around the taste/quality of wines
presented in bottles having different closure types, we expected that the sound of opening might
influence people’s wine ratings. In particular, if participants hear a cork being pulled vs. the sound of
a screw-cap bottle being opened then these two sounds will likely set different expectations that may
then affect people’s judgment of the taste/quality of the wine that they are rating. In order to test this
hypothesis, 140 people based in the UK (and of varying degrees of wine expertise) rated two wine
samples along four scales, three relating to the wine and one relating to celebratory mood. The results
demonstrated that the sound of a bottle being opened did indeed impact ratings. In particular,
the quality of the wine was rated as higher, its appropriateness for a celebratory occasion, and the
celebratory mood of the participant was also higher following the sound of the cork pop. These results
add to the literature demonstrating that the sounds of opening/preparation of food and beverage
products can exert a significant influence over the sensory and hedonic aspects of people’s subsequent
tasting experience.

Keywords: closure type; opening sounds; wine perception; expectations; packaging

1. Introduction

A growing body of empirical research demonstrates that the sensory properties of the packaging
in which drinks are presented can exert a significant influence over the ensuing tasting experience.
This turns out to be true both when products are consumed direct from the packaging, but also when the
product is first poured into a drinking vessel such as a glass, cup or mug [1]. Branding obviously plays a
role here [2], but beyond that researchers have assessed the impact of everything from packaging/label
color [3–5], through weight and other material properties [6,7]. One factor that has, until recently,
received less empirical interest, though, relates to the sound of opening. It is our belief that auditory
cues provide information that may help set certain expectations and hence color the subsequent tasting
experience [8].

The general framework for interpreting such findings, showing as they do that the sensory
aspects of the packaging influence the tasting experience, has been in terms of expectations and
sensation transference. According to the former account, we normally generate expectations prior to
tasting [9]. In terms of the expectations account, it is worth noting that expectations can be triggered
by what we see, but also by what we hear, feel, smell, read etc. Those expectations, both sensory and
hedonic, can then anchor the subsequent tasting experience. According to the sensation transference
account, what we feel about the packaging, e.g., that it is high quality, weighty, traditional, etc. is then
transferred to, or biases our ratings of, the contents [10].

In the present study, we were particularly interested in whether changing what people hear prior
to tasting a wine would influence their sensory and hedonic expectations and hence their experience of
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a wine. In this regard, one of the most iconic opening sounds is the pop of the cork being removed from
a wine bottle. According to Hallgarten [11], cork bottle stoppers made from the cork oak tree were
first introduced towards the end of the 18th Century. Apocryphally, Dom Perignon, the cellarmaster
at the Abbey of Hautvilliers, was one of the first to plug his bottles with cork bark. For those wine
drinkers who believe that wine from cork-stoppered bottles tastes better [12], we hypothesized that
they would give a wine a higher quality rating after hearing the pop of a cork, compared to after
hearing the crack of the screw cap bottle [13]1. In the present study, we therefore investigated whether
the sound of a cork-stoppered bottle being opened (i.e., the popping sound) versus the sound of a
screw-cap bottle being opened would influence people’s ratings of a wine, and/or their celebratory
mood. The experiment was conducted in two parts. Initially, the participants heard only the sound of
bottle opening and rated two separate glasses of wine. In the second part of the study, the participants
actually opened the cork/screw-cap bottle and poured themselves a glass of wine from each bottle
type before rating them. This aspect of the experimental design allowed us to assess the multisensory
contributions of actually opening and pouring the wine from either type of bottle (cork-closure
vs. screw-cap) rather than just hearing the sound. Product experience is typically multisensory
(involving sight, sound, touch, haptics, etc. [14]), and one might expect that the very action of pulling
the cork would have more of an effect on ratings than merely hearing the sound. By contrast, however,
if it is just the knowledge (or, better said, belief) that a certain wine came from a bottle with a particular
type of closure that is doing the work, it may not matter whether that belief is based on unisensory
(i.e., auditory) or multisensory (auditory plus haptic) cues.

The ratings were separated into questions concerning the quality of the wine (How intense?
How would you rate the quality?) and the context/situation/mood around consumption
(How appropriate is the wine for celebration? How much of a celebratory mood do you feel in
right now?). The reason being that previous research suggests that the impact of product-extrinsic
sounds such as sonic seasoning (i.e., musical compositions selected to accentuate a certain taste in
a food) may be mediated, at least in part, by emotional valence [8,15]. Hence, in the present study,
we wanted to try and ascertain by which route(s) people’s ratings of the wines may have been affected.

2. Methods

Participants. A convenience sample of 140 participants was tested in the experiment (92 male
and 47 female, 1 non-response). There were 115 right-handers, 19 left-handers, and 6 non-response.
The participants indicated which age bracket they fell into (see Table 1). The participants also rated
their knowledge of wine on a 1–5 scale (see Table 2) from 1—Novice to 5—Expert.

Table 1. The age distribution of participants.

Age Bracket Number of Participants

18–25 22
26–35 61
36–45 29
45+ 25

1 It is worth noting here, that people’s associations around the quality of screw-top bottles has changed in recent years,
with some New World producers starting to change people’s mind-set, no longer necessarily associating screw-cap with a
lower quality product. Note that there has been something of a similar battle raging in the craft beer market between bottle
and can format [1].
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Table 2. The wine knowledge distribution of participants.

Wine Knowledge Number of Participants

1 (Novice) 8
2 36
3 67
4 17

5 (Expert) 10

Design and Procedure. The experiment was split into two parts. In each part, the participants were
given two wines to taste and rate sequentially. In the first part of the experiment, the participants
rated one glass of wine after hearing the sound of a cork popping out of the bottle, and the other after
hearing the sound of a screw-top bottle being opened. In the second part of the study, the participants
actually opened a screw-top bottle themselves and rated the wine from that bottle and then pulled the
cork on a stoppered wine bottle and rated the other wine. The bottle labels were obscured. In total,
the participants gave ratings on four scales (see Table 3) for each of the four wines that they tasted.
The two wines were Terrazas de los Andes, Malbec 2015, Argentina and a Catena, Malbec 2015, Argentina.
Each wine was associated with the same closure type in each part of the study. Though, to be absolutely
clear, the wine-closure pairing was counterbalanced across days/participants. The two wines were
chosen to be similar but not identical and hence to make sure that there was a meaningful difference
between the wines in each of the two parts of the experiment. The wine that was associated with
each opening sound/opening action was counterbalanced across participants on the different days on
which the study was conducted. For 91 of the participants (39 Press (including journalists and wine
industry reporters) plus 52 participants on Day 1), the cork opening sound and the cork bottle opening
were associated with the Terrazas de los Andes wine while the sound of the screw-cap opening and the
action of opening and pouring from a screw-top bottle with the Catena. This wine-condition match
was reversed for the remaining 49 participants (who participated on Day 2). The cork opening always
preceded the screw-cap opening. Finally, the participants were asked “Do you prefer to buy a bottle
of wine sealed with a cork or a screw cap?” The whole experiment took approximately 5–10 min to
complete per person.

Table 3. The four ratings that participants were asked to give for each wine.

Least Most

How do you rate the intensity of the wine? 1 2 3 4 5
How do you rate the quality of the wine? 1 2 3 4 5

How appropriate do you think this wine is for a celebration? 1 2 3 4 5
How much of a celebratory mood do you feel in right now? 1 2 3 4 5

3. Results

In response to the question, “Do you prefer buying a bottle of wine sealed with a cork or a
screw cap?” 113 responded ‘cork’, 13 responded ‘screw-cap’, and 14 failed to respond. A Chi squared
test of goodness of fit revealed a significant preference for cork closures, X2(3140) = 142.89, p < 0.001.
This result is perhaps not surprising given that Argentine Malbec, and red wines in general, are typically
sealed with a cork closure in the UK, where the study was conducted.

Pearson’s correlations were calculated between the four measures of intensity, quality, celebration
appropriateness, and celebratory mood. There were significant positive correlations between all pairs
of measures (see Table 4). Consequently, a multivariate analysis of variance (MANOVA) was conducted
with experimental condition (sound only or sound + touch), wine type (Terrazas de los Andes or Catena),
and closure type (cork or screw-cap) as the between-participant factors. See Table 5 for average values
of the four measures.
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Table 4. Pearson correlation coefficients between wine ratings, over all conditions. * Indicates
correlations that were significant at p < 0.01.

Intensity Quality Celebration Appropriateness Celebratory Mood

Intensity 1 0.34 * 0.19 * 0.15 *
Quality 1 0.62 * 0.31 *

Celebration appropriateness 1 0.49 *
Celebratory mood 1

Table 5. Mean ratings of Bonferroni-corrected pairwise comparisons between conditions (standard error
in parentheses). Bold typeface indicates significant difference between cork and screw-cap conditions
(p < 0.05).

INTENSITY

SOUND ONLY cork screwcap
Terrazas de los Andes 3.50 (0.09) 3.49 (0.12)

Catena 3.14 (0.12) 3.07 (0.09)
SOUND + TOUCH cork screwcap

Terrazas de los Andes 3.41 (0.09) 3.27 (0.13)
Catena 2.98 (0.13) 2.89 (0.09)

QUALITY

SOUND ONLY cork screwcap
Terrazas de los Andes 3.30 (0.09) 3.25 (0.13)

Catena 3.35 (0.13) 2.90 (0.09)
SOUND + TOUCH cork screwcap

Terrazas de los Andes 3.29 (0.09) 3.10 (0.13)
Catena 3.40 (0.13) 2.98 (0.09)

CELEBRATION-APPROPRIATE

SOUND ONLY cork screwcap
Terrazas de los Andes 3.04 (0.10) 3.02 (0.14)

Catena 3.31 (0.14) 2.86 (0.11)
SOUND + TOUCH cork screwcap

Terrazas de los Andes 3.25 (0.10) 3.04 (0.14)
Catena 3.35 (0.14) 2.80 (0.11)

CELEBRATORY MOOD

SOUND ONLY cork screwcap
Terrazas de los Andes 3.32 (0.11) 2.86 (0.15)

Catena 3.31 (0.15) 2.99 (0.11)
SOUND + TOUCH cork screwcap

Terrazas de los Andes 3.37 (0.11) 3.10 (0.15)
Catena 3.25 (0.15) 3.03 (0.11)

Overall, there was a significant main effect of closure type (F(4542) = 4.83, p = 0.001, Wilk’s λ = 0.97;
see Figure 1). Further univariate tests revealed that closure type significantly influenced the
perceived quality of the wine (F(1542) = 12.44, p < 0.0005, ηp

2 = 0.022), celebration appropriateness
(F(1542) = 12.27, p < 0.0005, ηp

2 = 0.022), and the celebratory mood of the participant (F(1542) = 11.86,
p = 0.001, ηp

2 = 0.021). More specifically, wines with cork closures (or merely accompanied by the
sound of a cork-stoppered bottle being opened) were rated as higher in quality (Mcork = 3.33, SE = 0.06,
Mscrewcap = 3.06, SE = 0.06), more appropriate for celebrations (Mcork = 3.24, SE = 0.06, Mscrewcap = 2.93,
SE = 0.06), and induced more of a celebratory mood (Mcork = 3.31, SE = 0.06, Mscrewcap = 3.00, SE = 0.06).
However, there were no significant effect of closure type on ratings of wine intensity (F(1542) < 1, n.s.).
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Figure 1. Mean values of wine intensity, wine quality, celebration appropriateness, and celebratory
mood for wines with cork versus screw-cap enclosures. Error bars indicate standard error of means,
and asterisks (*) indicate significant differences at p = 0.05. The y-axis reflects mean ratings on the
5-point scale.

In addition, there was a main effect of wine type (F(4542) = 6.67, p < 0.0005, Wilk’s λ = 0.95). Further
univariate tests revealed the effect of wine type on ratings of intensity (F(1542) = 26.00, p < 0.0005,
ηp

2 = 0.046), with the Terrazas de los Andes wine being perceived as more intense than the Catena
(MTerrazas = 3.43, SE = 0.05, MCatena = 3.00, SE = 0.05). This latter result may help to explain why
larger differences were seen in ratings of quality for Catena than for the Terrazas de los Andes wine
(i.e., there was more room for improvement in the former case).

Finally, it is worth noting that there was no effect of experimental condition (F(4542) = 1.48,
p = 0.21). In other words, it did not seem to matter whether the knowledge of wine enclosure was
based on unisensory (hearing alone) or multisensory (hearing plus touch) cues.

4. Discussion and Conclusions

The vast majority of those questioned in the present study reported that they preferred the
taste/flavor of the wine from a cork-stoppered bottle. One explanation for this preference emerges
from the analysis of the results of the wine ratings: On average, the 140 participants tested in the
present study rated the wine that they themselves served from a cork-stoppered bottle, or that they
heard being poured from a cork-stoppered bottle, as being of higher quality, as more appropriate for
celebrations, and as inducing a greater celebratory mood [16]. By contrast, there was no significant
effect of closure type on ratings of wine intensity. These results are consistent with the view that
the effect on mood—rather than any changes in the perception of the wine itself—might be driving
part of the change in the ratings elicited by the sound of the cork, as opposed to the screw-cap
closure [15,17]. The results of the present study further suggest that it is knowledge about the closure
type, rather than how that knowledge was acquired (i.e., just from sound versus from sound plus
touch—sight and action of opening and pouring the wine) that led to the ratings differences reported
here. The suggestion is that distinctive packaging sounds, just as for the other aspects of the packaging,
can set expectations in the mind of the consumer.

In future research, it would be interesting to try and replicate these findings using a
between-participants experimental design (rather than just a mixed-participants design, as conducted
here). This would help address one potential concern associated with the latter design, namely, that it
draws attention to the closure type in a way that might not necessarily be observed in everyday life.
If possible, it may also be worth conducting future research under conditions that are more naturalistic
(ecologically valid) and more conducive to celebration than the experimental setup used here. It may
also be advantageous to randomize the order in which ratings are made in order to prevent any
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order/sequential effects from coloring the results. Beyond that, it would obviously be beneficial to
randomize the order in which the cork and screw-cap bottle sounds/actions were presented.

Of course, it should be noted that the effect size of the closure type differences on various
ratings—as reported by partial eta squared values—are small [18,19]. In a practical sense, therefore,
the decision to go with cork or screw-cap on the part of the manufacturer may not be expected to result
in a drastic change in the tasting experience. Nevertheless, the fact that an overwhelming proportion
of participants (113 vs. 13) reported preferring to buy a cork-sealed bottle of wine over a screw-cap
bottle implies that small differences in perceived attributes of a wine may nevertheless still shape
buying decisions [20].

Finally, it is important to note that there is also a temporal aspect to people’s feelings about
different closure types: That is, people’s views likely changes over time. Indeed, as the years pass,
there is a sense that screw-top bottles are starting to be associated with a better quality of product
than they once were. There may also be relevant cross-cultural variations in this regard too; for
instance, people from regions where screw-cap enclosures are more prevalent (e.g., Australia or New
Zealand) might not necessarily show a preference for corks over screw-caps. Hence, the present results
(showing a clear preference for wines served from a cork-stoppered bottle) should not, at least for the
moment, be generalized beyond the mostly UK-based participants2 who took part in the present study
in 2017 and who rated two Argentinian red wines.

Nevertheless, having raised these various caveats/concerns, the key point remains that these
results provide the first empirical demonstration that one and the same wine is rated more highly in
terms of its quality, it may be rated as more appropriate for celebrations, and also induces a greater
celebratory mood when served in a cork-stoppered rather than a screw-cap closure bottle. While such
claims are certainly not new, the original part of this study resides in showing the effects can be elicited
by nothing more than the sound of the closure. These results help to emphasize the importance of the
packaging, and ‘the image mold’, to our experience of the contents [14].

Ultimately, though, these psychological benefits to the tasting experience associated with the cork
closure should be weighed against the cork taint that affects some small proportion of cork-stoppered
bottles. Cork taint is associated with the presence of 2,4,6-trichloroanisole (TCA), which occurs as
a reaction between a penicillium mold present in the cork and the chlorinated sterilants [21–23].
Here, there are several important points to note. First, sensitivity to this fault varies widely across the
population [24]; it also varies as a function of the style of wine [25]. Second, innovations in enology
mean that the incidence of this problem is much lower today than it has been in the past [12]. Third, it is
important to note that cork taint also affects other closure types too [12] and can be transmitted to a
wine via contaminated winery equipment other than cork [21]. Nevertheless, despite any potential
technical limitations, it is clear that the sound of a cork-stoppered wine bottle being opened conveys a
psychological impact that can help to enhance the ratings and experience of anyone who hears it.
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Abstract: The unwanted modification of wine sensory attributes by yeasts of the species
Brettanomyces bruxellensis due to the production of volatile phenols is presently the main
microbiological threat to red wine quality. The effects of ethylphenols and other metabolites on
wine flavor is now recognized worldwide and the object of lively debate. The focus of this review
is to provide an update of the present knowledge and practice on the prevention of this problem
in the wine industry. Brettanomyces bruxellensis, or its teleomorph, Dekkera bruxellensis, are rarely
found in the natural environment and, although frequently isolated from fermenting substrates, their
numbers are relatively low when compared with other fermenting species. Despite this rarity, they
have long been studied for their unusual metabolical features (e.g., the Custers effect). Rising interest
over the last decades is mostly due to volatile phenol production affecting high quality red wines
worldwide. The challenges have been dealt with together by researchers and winemakers in an
effective way and this has enabled a state where, presently, knowledge and prevention of the problem
at the winery level is readily accessible. Today, the main issues have shifted from technological to
sensory science concerning the effects of metabolites other than ethylphenols and the over estimation
of the detrimental impact by ethylphenols on flavor. Hopefully, these questions will continue to be
tackled together by science and industry for the benefit of wine enjoyment.

Keywords: wine; spoilage; Brettanomyces; Dekkera; volatile phenols; off-flavors

1. Introduction

The yeast genus Brettanomyces has been related with the production and characteristics of
English beers since the beginning of the XX century [1]. It has been under the attention of early
yeast physiologists due to its unusual fermentation stimulation by oxygen, coined as the Custer’s
effect [2]. In wines, the first isolates were obtained by Krumholz and Tauschanoff in 1933 without any
particular technological concern [1], and the investigation on the genus was relatively scarce until the
mid-nineties of last century. To understand the impact of these findings on Brett research, Figure 1
shows the number of peer-reviewed references retrieved from the Scopus database (www.scopus.com,
assessed on the 29 January 2018) using “brettanomyces or dekkera and wine” as search words in
article titles, abstracts, and keywords from 1959 until 2017. The increase in the numbers coincided
with the publication of seminal research by scholars at Bordeaux University [3]. In addition, the total
number was 339, which is more than half of the references that use only “brettanomyces or dekkera”
(a total of 498). Although involved in other fermented foods, beverages, and ethanol production, most
publications recognize that the role played by the species Brettanomyces bruxellensis (anamorph of
Dekkera bruxellensis) in red wine spoilage is due to the production of “horse sweat” taint in bulk or
bottled wines. Moreover, its effects are particularly notorious in high quality red wines aged in costly
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oak barrels, which considerably increase the economic losses provoked by spoilage yeasts in the wine
industry. Presently, this species is regarded as the main threat posed by yeasts to wine quality [4],
surpassing the research interest on the Zygosaccharomyces genus, which is another dangerous wine
spoilage yeast. To understand the significance of the relative value of these figures, when the Scopus
search executed using the key-words “zygosaccharomyces and wine” and “zygosaccharomyces”,
the numbers were 128 and 1122, respectively.

Figure 1. Number of references related with “Brettanomyces” (black bars) and with “Brettanomyces or
Dekkera and wine” (white bars) retrieved from Scopus search engine (www.scopus.com).

The research of Brettanomyces gathers practically all fields of microbial research (physiology,
metabolism, genomics, evolution, taxonomy, etc.) and has been regularly reviewed [1,5–13]. The aim
of this review was to provide an additional approach that mainly concerns the most relevant scientific
achievements and technological impacts, providing an update of the present knowledge and best
practices on the prevention of this problem in the wine industry. Future challenges motivated by
the sensory perception of volatile phenols will also be addressed because this issue is the subject of
extensive debate among wine professionals and the general public.

2. Volatile Phenols (VPs): Their Incidence and Origin

The incidence of VPs in red wines is one of the most frequent wine defects alongside corkiness,
reduced, and oxidized off-flavors [14]. The phenolic off-odors have been described as “medicinal”,
“phenolic”, “rancid”, “sweaty”, “smoke”, “Band-aid®”, “barnyard” or “horse sweat”. The most
important VP is 4-ethylphenol (4-EP), followed by 4-ethylguaiacol (4-EG), and 4-ethylcathecol (4-EC).
Earlier works by the team of Pascal Chatonnet during the 1990s provided values for sensory thresholds
that are still a reference today. For instance, in Bordeaux red wines, the preference threshold for 4-EP
is 620 μg/L, and for the mixture (10:1) of 4-EP and 4-ethylguaiacol is 426 μg/L [3]. However, other
thresholds have been published that reflect the influence of other factors among which the wine matrix
is essential [15]. For instance, wine body and oak flavor are like buffers of the tainting effect of volatile
phenols. In addition, other products of Brett metabolism like isovaleric and isobutyric acids [11] also
influence the perception of “horse sweat”, which may explain why the smell of wines spiked with VPs
is more objectionable than the smell of wines with the same concentrations but produced naturally.

The precursors of 4-EP, 4-EG, and 4-EC are hydroxycinnamic acids (p-coumaric, ferulic and caffeic
acids, respectively), which are enzymatically decarboxylated by a cinnamate decarboxylase, leading to
vinyl derivatives and reduced by a vinylphenol reductase, originating in the ethyl derivatives [11].

In grape juices those hydroxycinnamic acids are esterified, mainly to tartaric acid, in
concentrations higher than 10 mg/L. In wines they may be present in the free or esterified form, either
with tartaric acid [16,17], ethanol [18], hexoses [16] or polyphenols [7]. The release of hydroxycinnamic
acids from anthocyanin esters during wine maturation may be only due to chemical reactions [7] but
conversions of hydroxycinnamic acid precursors to VPs are typically dependent on enzyme or microbial
activity. In grapes or grape juices, the tartaric esters may be hydrolyzed by enzymes from contaminant
fungi or from commercial pectolytic preparations, both with cinnamoyl decarboxylase activity, which
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releases free hydroxycinnamic acid forms [11]. Ethyl and glucose esters of hydroxycinnamic acids
may be metabolized by Brettanomyces [16,18] contrarily to tartaric acid esters [16,17]. Most of these
tartaric esters are hydrolyzed only after malolactic fermentation, and it has been hypothesized that
the hydrolytic activity of the lactic acid bacteria follows the completion of malic conversion to lactic
acid [19,20]. Thus, the pool of hydroxycinnamic acids’ precursors provides the substrate for the
production of VPs that are higher than the preference thresholds depending on the presence of active B.
bruxellensis populations [20,21]. S. cerevisiae may produce vinyl derivatives that may be later reduced
by B. bruxellensis. This species is highly efficient in the conversion of p-coumaric acid with molar rates
higher than 90% [22]. Then, the natural pool of hydroxycinnamic acids (>10 mg/L) in wines are not
likely to be a limitation for the production of VPs higher than the preference thresholds. Therefore, all
red wines may be affected by the taint, given that the yeasts are able to grow. The belief that there are
some grape varieties more susceptible to Brett growth has no scientific evidence [23].

The absence of “horse sweat” in white wines is probably due to the easier Brett inactivation,
given that hydroxycinnamic acids are also present in concentrations similar to those of red wines [24].
The yeast species Pichia guilliermondii and lactic acid bacteria (Lactobacillus spp., Pediococcus spp.) also
have the ability to produce 4-EP, but their spoiling potential in wines is not comparable to that of
B. bruxellensis [25–27].

In conclusion, the natural concentrations of hydroxycinnamic acids in wines are high enough
to provide substrate for the production of volatile phenols much above the preference thresholds.
Therefore, the key for the prevention of the problem is to understand the ecology and the behavior
of Brettanomyces in wines in order to apply the adequate control measures and avoid, or reduce,
the conversion of hydroxycinnamic acids to VPs.

3. Brett Ecology: Infection Routes in the Winery

The Brettanomyces yeasts are mostly associated with fermented products, particularly with the
post-fermentation or aging period of alcoholic beverages, like wine, beer, cider, kombucha, and tequila.
Some reports refer their isolation from cheeses or fermented milks. Besides the food industries,
Dekkera/Brettanomyces spp. have also been reported in industrial ethanol fermentations. These yeasts
are scarcely mentioned outside of fermentation environments. Occasional reports include isolation
from olives, flours, carbonated beverages, and bees and air at ground level in fruit orchards, honeys,
and tree exudates [5]. Being a fermenting species, Brett probably shares the same natural habitat as
S. cerevisiae (e.g., soil, oak bark, decaying vegetal tissues, and tree exudates) but it is even rarer. Despite
the preference for fermented products, Dekkera/Brettanomyces spp. are usually not dominant and are
reported in a low percentage of analyzed samples. Their occasional detection in sparkling wines
may be related with their resistance to carbon dioxide, which is higher than that of S. cerevisiae and
Z. bailli [28]. Thus, Brett can be regarded as sporadic contamination yeast that appears in high numbers
mainly when other microorganisms have been inhibited.

The dissemination of B. bruxellensis in wine related environments is hard to evidence from sources
contaminated by other yeasts due to its low growth rate. As a consequence, the use of selective media
and long incubation periods are essential to its recovery [29], although even when using selective
media, it has been rarely isolated from grapes [30] and clean winery environments. Rotten grapes
appear to bear higher populations, which most likely explains the higher incidence of phenolic wines
in vintages affected by this problem [31]. The frequency of isolation from cellar equipment increases
in the presence of juice, wine residues, and leftovers (husks and pomaces). Insects and air dusts are
probable vehicles of dissemination among infecting spots [32]. In contrast, it is a common contaminant
easily recovered from red wines where numbers may attain high levels (>104 cells/mL) if preventive
measures are not taken [33].

The frequency of isolation in red wines explains why careful vigilance must be given to wines
purchased from other sources or sold as bulk wines to other wineries. Once established in a winery,
Brett is very difficult to eradicate, especially when it has contaminated the wooden vats.
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Old Wooden Vats: A Well-Known Ecological Niche

The traditional wooden vats used for red wine, sherry, lambic beer or cider production are typical
niches of B. bruxellensis. In wines, the onset of problems related with its activity coincided with the
worldwide increase in the utilization of oak barrels during the last 25 years. However, wines matured
in stainless steel tanks are also affected by these yeasts. The survival in barriques is facilitated by the
diffusion of oxygen either by stimulating yeast growth [34] or by reducing the levels of molecular
sulfite active against yeasts. In addition, it is believed that cell immobilization in the wood structure
contributes to the protection against preservatives. The ability to form pseudomycelium might as well
favor the colonization of the porous structure of the wood and of the spaces between the staves and
the grooves. The wood of new barriques is not the source of Brett but it is readily contaminated if filled
with infected wine. On the contrary, high ethanol wines (>17% v/v) are not susceptible to these yeasts
even if aged in old wooden vats, such as in the case of sherry or port-style wines.

Overall, the incidence of Brett increases during grape processing, from fermentation to red wine
ageing. The routes of contamination may not be perfectly known but this yeast easily finds the way to
infect stored red wines and initiates spoilage if not stopped in due time.

4. Brett Behavior and Tolerance in Wines

The practical absence of Brettanomyces from the early stages of grape processing is no longer
observed after the end of malolactic fermentation. In certain cases its activity may already begin in
the period between alcoholic and malolactic fermentations. It is not as tolerant to ethanol or sulfite
as S. cerevisiae or Zygosaccharomyces bailii [35] but it has the ability to remain viable for long periods.
The increase in their predominance appears to be the result of an exceptional resistance to minimal
nutrient conditions, which is seen as the determinant in their survival during the production and
storage steps and in their development once the environment becomes favorable (e.g., reduction in
free sulfite during ageing) [11,30]. For instance, viable Brettanomyces have been reported in red wine
bottled for more than 50 years [33].

4.1. Attention to the Unnoticed Presence of Brett

The behavior of D. bruxellensis in co-culture with S. cerevisiae (molasses, grape juice, and synthetic
medium) is characterized by showing null or slow growth until about the end of fermentation. In
post-fermentation it may grow, attaining levels as high as those observed with S. cerevisiae [22]. After
inoculation in wines, D. bruxellensis growth shows a typical bell-shaped curve, with exponential
growth followed by cell death. When the stress imposed to cells is high, a sharp decrease in viability
is frequently observed and the wine seems to be Brett-free [24]. In fact, cells may be in a viable
but non-culturable state (VBNC cells) [36]. However, these observations may well result from the
fact the sample volume analyzed was too low to recover viable cells. Whatever the explanation,
the technological significance of these observations is that after an apparent Brett-free period the
growth may be re-initiated either by surviving or VBNC cells, as shown in Figure 2.
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Figure 2. Effect of chitosan on the viability of growing cells D. bruxellensis (•) and on 4-ethylphenol (�)
production. Arrow: moment of chitosan addition. Absence of viable cells (CFU <1/mL) is indicated as
1 CFU/mL due to the logarithmic scale of the y-axis.

4.2. Resistance to Antimicrobials

Sulphur dioxide is the most common and effective preservative utilized in wineries. However,
levels may be as high as 40 mg/L of free sulfite at pH 3.5, to control D. bruxellensis in wines aged in
barrels [24]. The active form is the molecular one, and so the lower the pH the higher the proportion of
molecular sulfite. The effective free sulfite values in red wines may look somewhat high but probably
reflect the proportion of sulfite bound to the anthocyanins that are counted as free sulfite by the current
titration methods. The strategy should be directed to increase the ratio of free to bound sulfite so that
inhibitory levels may be reached under a lower concentration of total sulfur dioxide.

Attempts to reduce sulfite utilization boosted the search for commercial alternatives. Sorbic
acid has long been known to act against fermenting yeasts in bottled wines but D. bruxellensis is
resistant to the maximum legal concentration of 200 mg/L in wines. Presently, the focus has been
turned to dimethyldicarbonate (DMDC) and chitosan, which are now commercially available. Other
antimicrobials, like killer proteins and peptides of microbial origin (e.g., zymocins) are reported as
effective in research articles but are not yet spread in the industry [37,38].

DMDC is an effective agent against Brett growth, depending on the initial cell concentration [39]
(Table 1). In wines matured in barrels it is an efficient tool to prevent blooms, being used in regular
additions up to the maximum permitted level of 200 mg/L. In the EU it is only authorized just before
bottling, in wines with more than 5 g/L of sugar, and it is claimed to be efficient if yeast counts
that are less than 500 CFU/mL. The efficiency also depends on adequate DMDC homogenization,
which requires the use of specific equipment that makes the treatment cost high (>0.05 €/bottle). In
addition, DMDC hydrolysis releases methanol that should be monitored if excessive concentrations
are suspected.

Table 1. Minimum lethal concentration of dimethyldicarbonate (DMDC) (mg/L) against several wine
related microbial species as a function of initial cellular inoculum (adapted from [39]).

Species 500 cells/mL >104 cells/mL Species 500 cells/mL >104 cells/mL

D. bruxellensis ISA 1791 100 300 S. pombe ISA 1190 100 >300
P. guilliermondii ISA 2105 100 300 Z. bailii ISA 1307 25 200

S. cerevisiae ISA 1000 100 200 Lactic acid bacteria >300 >300
S. cerevisiae ISA 1026 100 200 Acetic acid bacteria >300 >300
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Chitosan is a natural derivative of chitin and prevents Brett growth in wines with variable
efficiency [40]. As with sulfite or DMDC, the important is to ensure that cells do not recover viability
after the death phase as shown in Figure 2. The legal limit (0.1 g/L to inactivate Brett) is enough when
contaminations are low but it is not as effective when cells are present in high numbers and growing.
The product is not cheap (>0.05 €/L) and careful examination of the balance between costs and benefits
should be done before application.

4.3. The Hurdle Concept in Food and Wine Preservation

The judicious utilization of sulfite is the key to preventing the building up of D. bruxellensis
contaminations, however, sometimes the edge of its OIV guideline legal limit of utilization in red wines
is reached (150 mg/L in red wines with less than 4 g/L reducing sugar, 300 mg/L in wines with more
than 4 g/L reducing sugar) (http://www.oiv.int, accessed on the 11 February 2018). Then, DMDC or
chitosan may be used to minimize the utilization of sulfur dioxide. These chemical preservatives are not
the only options. The winemaker may also choose to control Brett using physical methods. The overall
concept of spoilage prevention is known as the hurdle concept in food microbiology. The idea is to
weaken microbial populations by making them to “jump” several hurdles. The more hurdles to jump
the easier it would be to prevent microbial growth. In wineries, these hurdles include environmental
factors (e.g., storage temperature, dissolved oxygen) and processing factors (e.g., fining, filtration,
heat treatments, high pressure, pulse electric fields, preservatives) [41–43] that when applied correctly
contribute to decreasing the utilization of sulfur dioxide.

In conclusion, Brett inactivation may be achieved by several alternative processes.
The effectiveness of the different options must be ascertained under each real condition by appropriate
monitoring strategies.

5. Brett Prevention: How to Monitor Contaminations

Wine technologists have two different attitudes when facing the threat of D. bruxellensis. One,
which we can call “optimistic”, results from the absence of wines spoiled by the yeasts and the thought
that it only happens to the others. The other, which we can call “pessimistic”, results from traumatic
experiences in the past. Naturally, neither are the correct attitudes. The first runs under high risks
that will, eventually, bring disastrous consequences. The second leads to exaggerated precautions and
to high costs, either economically or in wine quality. Assuming that these yeasts are always present,
although not detected, it is necessary to learn how to live with them in the winery and apply the best
preventive measures.

5.1. To Know Where They Are and How Fit They Are

The first step to live with Brett is to know where it is. The proper prevention of Brett activity
depends on its detection by microbiological analysis and to decide the most adequate treatment.
Today, several microbiological methods are available to monitor B. bruxellensis periodically, including
highly specific molecular methods [44–46]. The most common and suitable technique is plate counting.
However, many wineries do not have regular microbiological control. The small dimension of wine
enterprises is a serious limitation to the development of a routine microbial control. The costs of
equipment from the simplest for plate counting to advanced instruments (e.g., fluorescence microscope,
real-time polymerase chain reaction (PCR), flow cytometer) and the requirement for skilled labor are
still a burden for most small and medium enterprises. Therefore, the economic losses associated with
D. bruxellensis activity have moved many companies to ask for external support, which may be easily
found today.

In our lab routine, we currently apply a simplified detection technique based on growth in a
selective solid or liquid medium. Serial dilutions of wine samples are inoculated in plates or test
tubes, incubated at room temperature and the results checked after 4 to 15 days. These microbial
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determinations are accompanied by 4-EP determination and gas chromatography as a measure of the
spoiling activity.

The microbiological analysis should be regarded at two levels: (i) when the wines are stored in
bulk, in oak barrels or in tanks; and (ii) when the wine is to be bottled. In the first situation, the main
purpose is to avoid the production of VPs in levels high enough to produce off-flavors and off-tastes.
Thus, it is not mandatory to eliminate Brett completely, but to assure that the level of contamination or
of activity is low enough to keep 4-EP levels constant. In the second situation, the main purpose is to
have bottled wine free from these yeasts. Only one viable cell per bottle may be the cause for spoilage
much later.

5.2. Microbial Guidelines

In bulk stored wines, it is satisfactory to detect B. bruxellensis monthly, bimonthly or even every
three months, depending on the contamination history. The sample volumes are from 100, 10, 1,
to 0.1 mL, from a blend composed by wine from the interface air/liquid and from different depths
of the container. In case the result is positive for 1 mL, or less, and the level of 4-EP is higher than
150 μg/L, it is recommended to reduce the microbial populations by fine filtration (<1 μm) immediately,
accompanied by sulfite addition [35]. Negative results in 1 mL mean that contamination is low and
only fining followed by sulfite should be enough. Chitosan, when contamination is low, or thermal
treatments, when numbers are high, are two of the alternatives during wine ageing. The effectiveness
of the treatments must be ascertained by microbiological analysis. When 4-EP levels are stable there is
no need to reduce contamination because cells may be present but are not active, thus reducing the
additions of sulfite during storage.

For wines before bottling, the criteria are more stringent, and detection should be made on 100,
10, and 1 mL of wine, sampled as described above. In case the result is positive in 1 or 10 mL, it is
recommended a very fine or sterilizing filtration. If positive detection is only obtained for 100 mL, it is
admissible to control viable cells only by the addition of preservatives (e.g., 40 mg/L of free sulfite, at
pH 3.50). In this case, bottling must be technically correct and dissolved oxygen should be lowered
to practically zero. Otherwise, it may be recommended to use DMDC or, as an alternative, a thermal
treatment to destroy viable cells [35].

5.3. The Question of Real Time PCR

Given the slow growth of these yeasts, cultured media can only give results after more than
4–5 days and so early detection depends on the use of direct techniques. Presently, there are
several real time PCR protocols that provide results in about 4–6 h and have a high sensitivity
(<10 cells/mL) [45,46]. They have two main drawbacks. One is the cost, which is very high for a
routine analysis (>60 €/sample). The second is related with false positive responses given by the DNA
of dead cells. In this case, protocols must be adapted to remove this DNA from the samples [47].

6. Brett Prevention: How to Control, Kill, and Cure

Knowing the monitoring and treatment options available, we will describe below our main
observations and decisions during our empirical experience in wineries. The first idea is always to
reduce cell numbers and growth so that treatments may be limited as much as possible. If these
measures are not taken in due time, VPs may attain high levels and curative measures may be used.

6.1. Reduction of Dissemination

The infections come into the winery through the grapes, wines, insects, and used barriques.
In the case of grapes, it is not efficient to analyze and separate the infected grapes. Assuming that
the prevalence of D. bruxellensis is higher in vintages of poor sanitary quality grapes, care should
be taken to (i) minimize the time between alcoholic and malolactic fermentation and (ii) avoid cross
contaminations that may jeopardize other finished wines. Outsourced red wines must be monitored
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before blending and treated adequately (see below). Insect dissemination through winery atmosphere,
during harvest or during bottling, must be minimized. New barriques do not contain Brettanomyces,
but used barriques, when recovered, are a most probable infection source for the barreled wines.
However, new barriques may be even more suitable to support Brett growth because of higher oxygen
permeability and nutrient release from the wood [6].

Once inside the winery, the most important factor to reduce dissemination is proper hygiene to
avoid cross contaminations when moving wine. Common disinfectants used in the food industry
are effective against yeast species and also against Brettanomyces [48]. The most efficient products are
alkaline detergents, iodophors, and peracetic acid based sanitizers. Thus, the main concern is how to
sanitize, properly, points of complex geometry or difficult access, particularly in bottling machines,
like dead ends of filters, valves, gauges, or hoses. Pumps and hoses for wine transfer between tanks is
another concern. Less efficient, or virtually impossible, is the sterilization of wooden vats common in
traditional fermentation processes and in modern fashionable wine ageing. Sanitation with hot water
or steam is essential, although not completely efficient. Even after steaming, Brett may be recovered
from wood layers up to 4–6 mm below the surface [49]. Whatever the treatment adopted in wineries,
one should bear in mind that, in barrels, the critical factor is the inability of the disinfecting agent (e.g.,
hot water, steam, ozone, microwaves, UV light) to reach the deeper layers of the wood.

6.2. Prevention of D. bruxellensis Growth and 4-EP Production

The prevention first depends on careful D. bruxellensis monitoring during all wine storage time.
It should begin after malolactic fermentation or even before, when extended periods occur between
the end of wine fermentation and the onset of malolactic fermentation. During this period wines
are left unprotected by sulfite and kept at higher temperatures to promote the bioconversion of
malic acid, which stimulate premature Brett growth. After malolactic fermentation, the frequency of
analysis depends on its detection, but even in the absence of contaminations at least three analyses
per year (after winter, before harvest, after harvest) should be done to avoid unnoticed growth [35].
This frequently happens during the harvest period, when temperatures are higher and attention is
directed to pick grapes and ferment wines.

The main concern when a contaminated sample appears is to avoid any cross contamination.
This is especially important when processing products from external sources, such as purchased wines
of unknown origin. The best solution, at first, is to detect the presence of D. bruxellensis to determine
the measures to be taken. In case wines are highly contaminated, the most efficient measure would
be to filter through pores tighter than 1.0 μm, or even 0.8 μm, given that sulfur dioxide reduces cell
size [50]. Even knowing the difficulty to sterilize by filtration young wines and the controversy of such
measures, our opinion is that it should be considered, particularly when wines are to be matured in
costly oak barrels.

Concerning factors promoting wine colonization, special attention should be paid to the levels
of free sulfite, levels of dissolved oxygen, presence of residual sugars, and the storage temperature.
Ideally, if wines could be stored at less than 10 ◦C there would be no yeast growth and concurrently no
noticeable 4-EP production (Figure 3).

Oxygen is essential to wine ageing but it also stimulates growth and the production of volatile
phenols [34]. Even under the practical absence of oxygen D. bruxellensis grows and produces
4-ethylphenol but at lower rates that are enough to affect wine quality. Therefore, all operations
contributing to oxygen diffusion must be minimized, or carefully monitored, like rackings, pumpings,
toppings, bottling and, particularly, micro-oxygenation—a fashionable process to accelerate red wine
ageing. Oxygen also contributes to a quicker loss of free sulfites during storage, opening a window of
opportunity for Brett growth. In our experience, the most frequent reason for unexpected growth is
the drop of free sulfites below 20 mg/L (at pH 3.5).

Another aspect to keep in mind is the level of nutrients in the wine. These yeasts may grow
well under very low levels of residual sugar (<2 g/L and in wines where no nutrients were added).
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However, reducing nitrogen additions to the minimum required to finish fermentations is always
a wise strategy to minimize Brett growth during storage. The idea is to create a “nutrient desert”
that turns the wine less susceptible to yeast growth. Most likely this is the mechanism underlying
inhibition by Metschnikowia pulcherrima, when this species, by producing pulcherriminic acid, depletes
the iron present in the medium, making it unavailable to the other yeasts [51]. During bottling, a sugar
addition to smooth mouth-feel up to 10 g/L does not increase susceptibility to spoilage in wines with
high ethanol, and so extra doses of sulfur dioxide to compensate higher sugar are not required, which
is contrary to common knowledge [52]. However, if cells have the ability to grow, higher residual
sugar stimulates proliferation [53].

Figure 3. Growth (A) and 4-EP production (B) by B. bruxellensis under wines stored at different
temperatures (symbols: �, 3 ◦C; �, 10 ◦C; Δ, 15 ◦C; �, 20 ◦C). Cells were inoculated in 1 L Schott flasks
and incubated without agitation to mimic tank storage conditions.

The option to kill actively growing populations through heat treatments using mild temperatures
in low volume tanks (35 ◦C overnight) or pasteurization regimes at bottling can be successful, because
Brett is not heat resistant. A solution for contaminated bottled wine is to keep the bottles at 35 ◦C and
check until viable counts fall to 0/bottle.

6.3. Curative Measures

When the wine is off-tainted, there are no effective curative measures without depreciating it. In
this situation, we always weigh the possibility of blending tainted wine with “clean” wine. Although
this measure may attenuate the defect of the tainted wine by dilution, it cannot be seen as a curative
measure. In fact, mixtures of wines free of 4-EP are only effective for small proportions of tainted
wines, because large volumes of “clean” wine must be used to obtain a blend with 4-ethylphenol levels
lower than the preference threshold.

The effective reduction of 4-EP levels may be obtained by adsorbents (e.g., yeast lees, fining agents,
activated charcoal) [54] but wine favorable aroma compounds or color are also removed and a balance
must be drawn between the benefits and losses of wine attributes. Our experience with activated
charcoal reveals that it may be an efficient option when preventive measures have failed (Figure 4).
In this case, besides a reduction in VPs, the wine was also reduced in color and flavor intensity but it
was perfectly adequate for blending with un-tainted wines. The use of nanofiltration together with
activated charcoal (process accepted by the OIV) and reverse osmosis are other alternatives claimed to
be effective in VP reduction. It is also possible that esterified cellulose may be used in filtration sheets
to decrease volatile phenols [55].
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Figure 4. Effect of activated charcoal on the reduction of 4-EP (μg/L) in two red different wines (A,B)
after 3 ( ), 10 (�) and 21 days (Δ) of contact. Insertions: effect on color intensity (�) and hue (×10, )
after 10 days of contact.

7. The Brett Sequel: from “Terroir” to “Terror”

The flavors responsible for the Brett character were certainly known for a long time. It is feasible
that it contributed to the so-called “gout du terroir”, used to describe certain tainted wines in France
by the mid 20th century. Bulk Californian red wines by 1960–1970 were also frequently affected by
this taint (Ralph Kunkee, personal communication). In our case, the awareness of the problem begun
in the last decade of the last century, when some problematic red wines were tasted by Prof. Dennis
Dubourdieu in a workshop organized by our faculty. Coincidently, wine became a fashionable product,
worthy of global exposure in the USA. It was a time when noticeably tainted phenolic Bordeaux
wines were taken as the expression of terroir by leading wine critics. In addition, barrique utilization
increased worldwide to cope with consumer preferences and increasing Brett infection risks. Before
winemakers could deal with the problem it was already the object of lively discussions in specialized
journals and consumer related websites.

A complex Brett aroma wheel was recently published [56], describing quite variable descriptors,
not all unpleasant, such as earthy, leather, savory, spicy or woody, that may be found in high quality red
wines. Despite this complexity, the result of generalized “horse sweat” awareness is that, today, every
nose seems to be particularly appropriate to find an off-flavor. In fact, the recognition of volatile phenols
seems to be equivalent in individuals from very different origins or backgrounds [15]. However, the
question is not the recognition of the flavor but the fact that at the least perception of animal notes,
the wine may be readily incriminated as an excessively barnyard tainted wine. Particularly in fine
wines, bottled for decades, the aging bouquet may have notes resembling volatile phenols, albeit
being present in low levels. In a world of uniform globalized taste, dominated by the pleasantness of
intense fruity-oak flavors and a full-sweet mouthfeel, there seems to be little tolerance to wines with
leather-game scents. As a result, winemakers are haunted by the terror of having the slightest note
imparted by volatile phenols and become easy victims of technical alternatives that are frequently
ineffective to calm their nightmares.

The Issue of Chemical Limits

Given that volatile phenols, where 4-ethylphenol is by far the most relevant, are regarded as
spoilage molecules, it is expected that the wine regulatory bodies and large retail companies will try
to establish limits for the acceptability of wines based on the average sensory detection threshold of
500 μg/L of 4-ethylphenol. This can be compared with the classic limits for volatile acidity, which is a
chemical indicator of spoilage by acetic acid bacteria. However, threshold values for volatile phenols
must be regarded only as indicative of horse-sweat taint. Given the different aromatic integration
of 4-ethylphenol smell in the overall wine flavor, well-known by wine professionals and a concept
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explained by Clark Smith in his book Postmodern Winemaking [57], high concentrations are frequently
not detected by trained tasters (Figure 5). Therefore, clearly tainted wines can only be determined by
sensory analysis. The odorant chemical concentration can only be directly related with Brett activity,
as described before.

Figure 5. Relation between the real chemical concentration of 4-ethylphenol and the respective
predicted concentration given by two different tasting panels ((A) DOC certification office; (B) faculty
enology students). Wines from 1 to 5 are commercial brands. Wine 6 is a blank sample spiked with of
4-ethylphenol (2000 μg/L) and 4-ethylguaiacol (250 μg/L). Vertical bars indicate standard deviation.

8. Final Remarks

According to our experience, the control of B. bruxellensis spoilage is, presently, the most serious
microbial problem in red wine quality and poses serious constraints to sulfite reduction in its
production. There are several technical alternatives that prevent or kill contaminant populations,
which contribute to a decrease in its utilization, but they are not fully effective when used alone.
Winemakers should learn how to live with these yeasts by monitoring their activity, applying
appropriate inactivation measures only when necessary, and weighing the cost-benefit of each option.
Besides their technical expertise, winemakers should also communicate to consumers and other wine
professionals the difference between volatile phenol sensory detection and wine depreciation, enabling
them to understand the diversity and aptitudes of wines with animal-leather flavors.
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