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Abstract: Wine faults, often caused by spoilage microorganisms, are considered negative sensory
attributes, and may result in substantial economic losses. The objective of this study was to use the
electronic tongue (e-tongue) and flash sensory profiling (FP) to evaluate changes in red wine over
time due to the presence of different spoilage microorganisms. Merlot wine was inoculated with one
of the following microorganisms: Brettanomyces bruxellensis, Lactobacillus brevis, Pediococcus parvulus,
or Acetobacter pasteurianus. These wines were analyzed weekly until Day 42 using the e-tongue and FP,
with microbial plate counts. Over time, both FP and e-tongue differentiated the wines. The e-tongue
showed a low discrimination among microorganisms up to Day 14 of storage. However, at Day
21 and continuing to Day 42, the e-tongue discriminated among the samples with a discrimination
index of 91. From the sensory FP data, assessors discriminated among the wines starting at Day 28.
Non-spoilage terms were used to describe the wines at significantly higher frequency for all time
points until Day 42, at which point the use of spoilage terms was significantly higher (p < 0.05). These
results suggest that application of these novel techniques may be the key to detecting and limiting
financial losses associated with wine faults.
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1. Introduction

Wine faults are any off flavors, taste, or mouthfeel attributes that occur during the
winemaking process [1]. Significant financial losses can ensue when wine faults occur, due
to the cost of storage and destruction [2]. Prominent sources of these wine faults are spoilage
microorganisms, such as those within the genera Lactobacillus, Pediococcus, Acetobacter, and
Brettanomyces. These spoilage microorganisms produce unique metabolites that can impart
undesirable flavors or aromas [3]. In particular, Brettanomyces produces volatile phenols that
can be described as smoky, sweaty, and barnyard [4-7]. Pediococcus produces (3-D-glucan
and acrolein that produce ropey, viscous, and oily mouthfeel attributes and can increase
perceived bitterness [3,8,9]. Additionally, Lactobacillus produces lactic acid, diacetyl, and
other secondary metabolites that can produce buttery and vinegar aromas [3,10-12]. Finally,
Acetobacter can produce high amounts of acetic acid and ethyl acetate imparting a vinegar
aroma on the final wine [3,13].

The influence that different metabolites have on the wine is dependent on the con-
centration and wine style [14]. At low concentrations, certain metabolites can impart
complexity; however, at high concentrations certain metabolites negatively impact wine
quality [15-17]. In particular, Brettanomyces’ metabolites, such as 4-ethylphenol and
4-ethylguaiacol, at concentrations less than 400 ug/L, increase complexity through an
increase in spice, leather, and smoke aromatic notes, but at 620 pug/L, the elicited aromas
cause the wine to be considered spoiled [15,16]. Therefore, early detection of metabolites
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from spoilage organisms is crucial to allow early remediation that may inhibit spoilage
from further progressing.

Due to the high frequency of testing needed to detect a microbial infection, rapid
testing methods are critical. Both rapid sensory and analytical methods are available, but
limited research has been completed on their effectiveness in detecting and differentiating
wine faults caused by spoilage microorganisms. Rapid sensory methods have increased in
popularity due to the speed of data collection and analysis, as well as cost effectiveness [18].
One rapid sensory method is Flash Profiling (FP), originally introduced by Sieffermann [19]
as a proposed variant to Free Choice Profiling [20]. Assessors are asked to determine
sensory attributes that best differentiate all the samples and then rank the samples for
each of the attributes they selected [21,22]. The utilization of FP has been used in a variety
of products including wines [18,23], and hot served food products [24]. While specific
research on wine faults has not been completed, the previous applications of the FP method
indicate it may be an effective option for wine fault detection.

In addition to rapid sensory methods, analytical methods for fast differentiation
among samples are available. Specifically, the electronic tongue (e-tongue) has been used
as a rapid testing method for a wide variety of food products such as wines [25-29], dairy
products [30-32], sweeteners [33,34], and spicy products [35,36]. The potentiometric e-
tongue evaluates non-volatile compounds and similar to the human tongue can provide a
“taste fingerprint” based on the sensory profile of the wine [29,35].

The Alpha MOS® e-tongue utilizes seven cross-selective polycarbonate coated sensors
that select for different ions or compounds that are associated with the five basic tastes, as
well as spicy and metallic [37]. A previous study determined that the e-tongue was able
to differentiate among different wines spiked with varying levels of 4-EC, a Brettanomyces
metabolite, at concentrations lower than the sensory threshold [29]. Similarly, the e-tongue
has successfully been used to determine defects related to acetic acid concentrations in
Apulian red wine [38]. These results indicate that the e-tongue may be a valuable tool in
differentiating among wine faults and early detection of potential infections.

The objective of this study was to use the e-tongue and FP to evaluate changes in
wine over time due to the presence of different spoilage microorganisms. Five common
spoilage microorganisms were selected to determine if the e-tongue was able to differentiate
among different spoilage microorganisms. Analysis on the inoculated red wine was
completed weekly to determine the time point at which the e-tongue and the assessors
could differentiate among the wine faults. Based on previous research, it was hypothesized
that the e-tongue would differentiate among the inoculated wine samples before the human
assessors would be able to. Overall, the data obtained in this study will help determine
if the e-tongue can be a useful tool in the early detection of sensory changes elicited by
spoilage microorganisms.

2. Materials and Methods
2.1. Materials

Yeast peptone dextrose and yeast/mold broth were obtained from Becton, Dickinson,
and Company (Sparks, MD, USA). Agar was purchased from Acros Organics (Morris, NJ,
USA). Fructose, glucose, ethanol, and hydrogen peroxide were purchased from Fisher Sci-
entific, (Waltham, MA, USA). Sodium chloride, hydrochloric acid, and sodium-L-glutamate
solutions were acquired from Alpha Mos (Tolouse, France) for e-tongue conditioning,
calibration, and diagnostic procedures.

2.2. Yeast Strains and Starter Cultures

Brettanomyces bruxellensis strains I1A and F3 were acquired from the Washington State
University culture collection and grown on yeast peptone dextrose (YPD) agar incubated
at 28 °C [39]. Starter cultures were prepared by transferring a single colony from YPD agar
to 50 mL of yeast and mold (YM) broth. Following incubation for 4 days at 28 °C, 1 mL of
culture was transferred to 50 mL of YM broth containing 5% (v/v) ethanol. After 4 days
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of incubation under the same conditions, 1 mL of culture was transferred to YM broth
containing 10% (v/v) ethanol. Cells were harvested in late exponential growth phase by
centrifuging samples at 2000 x g for 15 min, washing twice with 0.2 M Na,HPO, (pH 7.0)
buffer, and then resuspending in the same buffer prior to inoculation.

2.3. Bacterial Strains and Starter Cultures

Acetobacter pasteurianus ATCC 12873, Lactobacillus plantarum WS-16, and Pediococcus
parvulus WS-29A were acquired from the Washington State University culture collection
and grown on modified apple juice Rogosa (MR) agar [4] incubated at 28 °C. Starter
cultures were prepared by transferring a single colony from MR agar to 50 mL of MR broth.
Following incubation for 7 days at 28 °C, 1 mL of culture was transferred to 50 mL of MR
broth containing 5% (v/v) ethanol. After 7 days of incubation under the same conditions,
1 mL of culture was transferred to MR broth containing 10% (v/v) ethanol. Cells were
harvested in late exponential growth phase by centrifuging samples at 2000x g for 15 min,
washing twice with 0.2 M Na,HPOy (pH 7.0) buffer, and then resuspending in the same
buffer prior to inoculation.

2.4. Wines

Merlot wine (Yakima Valley, WA, USA) from the 2018 vintage was obtained and
free SO, was removed using hydrogen peroxide. Sugars (1 g/L glucose, 1 g/L fructose)
were added before the wine was sterile-filtered through 0.45 um polyvinylidene fluoride
cartridges (Millipore Sigma, Bellerica, MA, USA) housed in stainless-steel filter housings
(Pall, Port Washington, NY, USA) into sterile 750 mL screw-capped bottles. 740 mL of wine
was added to each bottle. Microorganisms were inoculated at 1 x 10* CFU/mL into the
bottles (1 = 14 bottles per microorganism). Bottles were closed with screw caps, with the
exception of bottles containing A. pasteurianus and an uninoculated control, which were
sealed and halfway unscrewed to allow air flow. The air flow was important due to the
growth requirements of A. pasteurianus [13]. Additionally, the inclusion of oxygen may
increase oxidation, therefore a control with the same condition was included. Wines were
stored at 23 °C for 42 days, with replicate bottles of each treatment (1 = 5), in duplicate,
and the controls (n = 2) removed for weekly analysis (Table 1).

Table 1. Wine treatments evaluated by electronic tongue and Flash Profiling. Bottles were fully closed
with screw caps (sealed) or partially unscrewed to allow air flow.

Code Inoculated Microorganism Closure Bottle Replicate
1A Brettanomyces I1A Sealed 2
1B Brettanomyces F3 Sealed 1
1C None Sealed 1
1D None Partially unscrewed 1
1E Acetobacter pasteurianus Partially unscrewed 1
2A Pediococcus paroulus Sealed 1
2B Lactobacillus brevis Sealed 1
2C Acetobacter pasteurianus Partially unscrewed 2
3A Pediococcus paroulus Sealed 2
3B Lactobacillus brevis Sealed 2
3C Brettanomyces I1A Sealed 1
3D Brettanomyces F3 Sealed 2
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2.5. Spoilage Microorganism Culturability

Prior to weekly sensory analysis, microorganism culturability was monitored by spiral
plating (Autoplate 4000, Spiral Biotech, Bethesda, MD, USA) onto Wallenstein Laboratory
agar (WL, Becton, Dickinson, and Company, Franklin Lakes, NJ, USA) for B. bruxellensis or
MR for bacteria. When culturability declined, 1 mL of wine was spread plated onto media
to detect low populations. All plates were incubated at 28 °C for 7 days prior to counting.

2.6. Flash Profiling

The sensory panel consisted of assessors (n = 7, 4 females and 3 males) age 22 to
45 with previous trained panel experience, not exclusive to alcoholic beverages. These
assessors were recruited from the Washington State University community through elec-
tronic announcements. The use of human subjects for this study was approved by the
Washington State University Institutional Review Board (IRB # 17595-001) and informed
consent was obtained from all assessors prior to participation. All samples (n = 12) were
evaluated in each session under white light in partitioned booths in the Washington State
University Sensory Evaluation Facility in Pullman, WA., USA. The wines samples (30 mL)
were poured 1 h prior to evaluation and covered with a petri dish and presented in ISO
glasses with letter codes at 23 °C [22]. During the initial evaluation at Day 0, assessors
had a brief orientation session to familiarize the assessors with the concept of FP, outline
the procedures, and complete a practice evaluation. Each assessor was presented with
all of the wine samples (1 = 12) simultaneously. They were asked to identify the aroma
attributes that best described the differences among the samples, and rank the samples
based on those identified attributes from lowest to highest intensity [22]. Ties were allowed
between the samples. Assessors were instructed to avoid hedonic terms. To facilitate aroma
term generation, the Brettanomyces and red wine aroma wheel were provided during all
evaluation sessions, as well as a list of terms generated after the first session [40,41]. FP
was completed weekly for 42 days, starting on Day 0 immediately after inoculation, for a
total of seven evaluation sessions.

To determine the extent of spoilage in the inoculated wines, the terms generated by
the FP were categorized into two categories, traditional spoilage or non-spoilage terms.
Traditional spoilage terms were identified using the categories with negative connotations
(dairy, fermentation, earthy, chemical/solvent, rotten and putrid, animal, savory, and
veggie) from the Brettanomyces aroma wheel [41]. Additional terms, such as geranium
and mousy, were included based on their association with Lactobacillus and Pediococcus
infections [3,12]. The percentage of spoilage-related terms compared to the overall term
usage was used to indicate when spoilage occurred in the inoculated wine.

2.7. Electronic Tongue

The wines were analyzed using a potentiometric e-tongue (Astree® II electronic
tongue unit, Alpha MOS®, Toulouse, France) at each time point immediately after FP was
completed. The e-tongue utilizes seven cross-selective taste sensors (salty, sweet, bitter,
umami, spicy, metallic, and sour), a reference electrode (Ag/AgCl) and the AlphaSoft
software (ver. 12, Alpha MOS®, Toulouse, France). Instrument preparations and sampling
parameters were followed according to manufacturers’ procedures and as previously
described [29,35]. For each e-tongue run, the analysis sequence contained randomly
selected treatments. Each treatment consisted of a group of four 25 mL beakers, in addition
to a reference wine sample (Carlo Rossi Burgundy). Samples were separated by MilliQ
water for a 10 s sensor cleaning. The reference samples allowed the comparison among
samples from different runs. At each time point, three runs were completed to analyze
all the samples. Until e-tongue analysis could be completed, opened wine bottles were
flushed with nitrogen and kept at 4 °C to limit additional microorganism growth, with all
samples being analyzed within two days of FP being completed.
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2.8. Statistical Analysis

The FP data were analyzed using Generalized Procrustes Analysis (GPA) to produce
consensus configurations for the samples and sensory attributes. Agglomerative Hierar-
chical Cluster (AHC) analysis was completed on the FP data to determine if any clusters
existed among the samples. The z-test for two proportions was conducted on the frequency
of spoilage and non-spoilage related terms (p < 0.05). Statistical analysis was competed
with XLSTAT Sensory 19 (Addinsoft, New York, NY., USA). The electronic tongue data were
analyzed using the Astree AlphaSoft software (ver. 12, Alpha MOS®, Toulouse, France) to
calculate the discrimination index (DI); the software was also used to perform Principal
Component Analysis (PCA) in order to visually determine differences among the samples.
The discrimination index is a measurement of the overlap among the samples and the
distance between the samples, giving an indication of how well the electronic tongue can
differentiate among samples. Strong discrimination is indicated by a discrimination index
above 80 [29]. The PCA biplots were plotted using R Base Graphics (ver. 4.0.3, R Core
Team, Vienna, Austria) based on the loadings and scores from the PCA obtained from the
AlphaSoft software.

3. Results
3.1. Culturability of Inoculated Microorganisms

After inoculation (~5 x 10° CFU/mL) of Brettanomyces 11A, Brettanomyces F3, P. parou-
lus, A. pasteurianus, and L. brevis into the wine, populations of Brettanomyces 11A, Bret-
tanomyces F3, and A. pasteurianus declined immediately by about 1 log (Figure 1). For both
strains of Brettanomyces, the populations steadily increased for 21 days before reaching a
relatively consistent population at roughly 1 x 10® CFU/mL for the remaining storage time.
Similar growth trends and CFU/ mL were observed in a previous study examining the
influence of temperature and sulfur dioxide additions [42]. Previous studies have observed
that as few as 10* CFU/mL of the Brettanomyces organism can cause medicinal, horsey, or
barnyard-like aromas in red wine, indicating that the populations observed in this study
would be sufficient to evoke sensory changes [43—45].
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Figure 1. Culturability (CFU/mL) of Brettanomyces I1A (orange), Brettanomyces F3 (green), Pediococcus
parvulus (grey), Acetobacter pasteurianus (yellow), and Lactobacillus brevis (blue) in Merlot wine stored
at 23 °C over 42 days. A dashed line indicates that populations were below the detection limit.

The remaining spoilage microorganisms displayed different growth trends com-
pared to the Brettanomyces strains. P. parvulus maintained the initial inoculation levels for
21 days, before experiencing a slight decrease in CFU/ mL (Figure 1). The last two strains,
A. pasteurianus and L. brevis, had similar growth trends. After inoculation, A. pasteurianus
and L. brevis had a sharp decrease in population until reaching “too few to count” at Day 7
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and 21, respectively. The decrease in population may be attributed to unfavorable envi-
ronmental conditions. L. brevis prefers environments below 12.8% ethanol before growth
is restricted and most red wine exceeds that concentration [46]. Similarly, A. pasteurianus
prefers lower ethanol content wines and requires oxygen to fully grow [13]. To allow
oxygen migration, the bottles were loosely sealed; however, this may not have allowed
sufficient oxygen to encourage growth, as demonstrated by the sharp population decrease
initially observed. After the sharp initial decrease, both A. pasteurianus and L. brevis in-
creased in population after 14 to 7 days, respectively; however, the population never
exceeded the initial inoculation population. Despite not exceeding the initial inoculation
population, the microorganisms were still growing and producing metabolites that may
have influenced the sensory characteristics of the wine [13].

3.2. Electronic Tongue

PCA was performed to determine the ability of the e-tongue to discriminate among
the inoculated wine samples at each time point. At Day 14, the e-tongue had a DI of
—16% when discriminating among the inoculated samples (Figure 2). The negative DI
indicated overlap among some of the samples and therefore an inability to discriminate
among the samples. In particular, L. brevis (Bottle 1 and 2), P. parvulus (Bottle 2), and the
sealed control had substantial overlap. The PCA described 99.9% of the variation, with
PC1 being associated with the response to the salty sensor and PC2 being associated with
the bitter, metallic, and umami sensors. Similar results were observed for Day 0 and 7, with
the e-tongue having various levels of negative DI.

Discrimination index= -16%
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Figure 2. Principal component analysis of Merlot wine samples on Day 14 of storage at 23 °C as analyzed by the electronic

tongue. Samples are labeled with names as described in Table 1. The discrimination index was —16.

Starting at Day 21, the e-tongue discriminated among the different inoculated wine
samples with a strong discrimination index of 91 (Figure 3). Most of the variation among
the samples was described by PC1 and was associated with the sweet sensor, describing
88.4% of the variation. Samples that were more similar to each other were placed closer to
each other on the PCA, therefore the replicate bottles that were tested should be in similar
areas on the PCA. Unexpectedly, the replicate bottles for the Brettanomyces samples were
not closely related to each other on the PCA, displaying an almost contrasting relationship
along PC1. This variation may have been caused by slightly varying amounts of available
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oxygen in the individual wine bottles, or by the natural variation found in Brettanomyces
growth [13,45]. However, as the storage continued, the replicates were more closely related.

Discrimination index= 91%
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Figure 3. Principal component analysis of Merlot wine samples on Day 21 of storage at 23 °C as analyzed by the electronic
tongue. Samples are labeled with names as described in Table 1. The discrimination index was 91.

The ability to discriminate among the different inoculated wines after Day 21 of stor-
age continued for the rest of the testing period, with discrimination indices exceeding 80%.
These results indicate that at Day 21, the spoilage microorganisms produced sufficient
metabolites to significantly affect the sensory characteristics of the wines. Previous studies
have found that the e-tongue is able to detect subthreshold concentrations of varying chem-
icals, including 4-ethylcatechol in Merlot wines, and spicy compounds in water [29,31,35].
Therefore, the sensory changes in the inoculated wines at Day 21 are likely to be present at
human threshold or subthreshold concentrations.

The ability to discriminate among samples based on by-products produced by com-
mon spoilage microorganisms using rapid analytical instruments was also found in other
studies [29,38,47]. A previous study found that the electronic nose (e-nose), another rapid
analytical instrument, detected differences in acetic acid perception caused by natural
spoilage at a single timepoint [47]. A similar study used a combination of e-tongue and
e-nose methods to evaluate wines exposed to the air at multiple timepoints, reporting that
these methods could discriminate among samples from different timepoints [48]. However,
in both of the previously mentioned studies, complementary sensory and microbial work
were not undertaken.

Additionally, the difference from the control to the individual wine spoilage microor-
ganisms was also evaluated. When compared to the control wine at Day 14, the e-tongue
results for P. parvulus and L. brevis showed low DI, with overlapping occurring with the
control. The discrimination index for A. pasteurianus was also negative, indicating an inabil-
ity to discriminate among the samples, but the overlap was observed among the replicates
instead of with the control. However, the e-tongue discriminated among the Brettanomyces
strains. After Day 21, the e-tongue differentiated among the spoilage microorganisms and
the control across all the microorganisms tested. As previously discussed, the variation
between replicates may be caused by environmental factors, as well as by the natural
growth variation between bottles [13,45].
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3.3. Flash Profiling

At each the seven time points, GPA was completed on the FP data. To determine
when the assessors could detect differences among the inoculated wine samples, AHC
was completed on the GPA data. The first instance of clustering was observed at Day
28 and three clusters were identified (Figure 4). Cluster one included Brettanomyces I11A
(Bottle 2), Brettanomyces F3 (Bottle 1), sealed control, partially unscrewed control, and
Acetobacter pasteurianus (Bottle 1). Cluster two included Pediococcus parvulus (Bottle 1),
Lactobacillus brevis (Bottle 1), and Acetobacter Pasteurianus (Bottle 2). Cluster three included
Pediococcus parvulus (Bottle 2), Lactobacillus brevis (Bottle 2), Brettanomyces I1A (Bottle 1),
and Brettanomyces F3 (Bottle 2).
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Figure 4. Dendrogram of the agglomerative hierarchical cluster analysis of the Flash Profiling data generated through
Generalized Procrustes Analysis at Day 28 of storage of the Merlot wine at 23 °C. The three clusters are distinguished by
color and based on similarity. Samples are labeled with names as described in Table 1. The broken line indicates the point at

which truncation occurred.

These clusters were different than what would be expected as the replicate bottles were
placed into different clusters, with the exception of the uninoculated control and uninocu-
lated partially unscrewed control. However, these clusters were similar to the groupings
observed with the e-tongue, indicating that there were slight differences between the dif-
ferent replicates. These differences diminished over time as the identified clusters were
primarily based on the inoculated wine microorganism at Day 42 of storage (Figure 5). At
Day 42, Cluster one contained L. brevis (Bottle 1 and 2), the unsealed control and P. parvulus
(Bottle 2), Cluster two contained Brettanomyces I1A (Bottle 1) and Brettanomyces F3 (Bottle
1), and Cluster three contained Brettanomyces I1A (Bottle 2), Brettanomyces F3 (Bottle 2),
A. pasteurianus (Bottle 1 and 2), and the sealed control. Differences in the aromatic profile of
the controls were observed, indicating that some oxidation may have occurred. However,
the unsealed control was significantly different from the A. pasteurianus treatments (Bottle
1 and 2), which were also left unsealed. Therefore, A. pasteurianus significantly influenced
sensory characteristics beyond oxidation. The influence of time suggested that the dif-
ferences among samples observed at the beginning of the storage time may have been
caused by different growth rates of the microorganisms in the replicate bottles. However,
over time, the broader effect of the spoilage microorganisms was increasingly based on the
identity of the microorganism.
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Figure 5. Dendrogram of the agglomerative hierarchical cluster analysis of the Flash Profiling data
generated through Generalized Procrustes Analysis at Day 42 of storage of the Merlot wine. The
three clusters are distinguished by color and based on similarity. Samples are labeled with names as
described in Table 1. The broken line indicates the point at which truncation occurred.

The FP data at Day 28 were analyzed using GPA to visualize the assessor term usage
in a consensus map (Figure 6). Each assessor generated three to seven terms at each time
point, with the overall number of terms used varying among the time points. The FP
mapping explained 72.3% of the variation among the samples. PC1 described 46.3% of
the variation and was described as the relationship between sweaty, lactic, smokey, and
spicy contrasted to floral, dusty, and barnyard notes. Both replicates of Brettanomyces
I1A and F3 were located in the same quadrant and were described as smoky, spicy, floral,
chemical, and cherry. These sensory characteristics are often associated with a Brettanomyces
infection, especially at the earlier stages when the metabolites are at concentrations that
may contribute to wine complexity [41].
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Figure 6. Generalized Procrustes Analysis of the Flash Profile data taken at Day 28 of 23 °C storage of
the inoculated Merlot wine samples. Wine sample location is based on consensus mapping. Samples
are abbreviated based on cluster and are labeled with names as described in Table 1. Displayed
are the aroma terms used to describe the wines. Sensory terms are presented in a unique color for

each assessor.
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The partially unscrewed and sealed uninoculated control were closely related to each
other and were described by ethanol, dusty, and caramelized aromas (Figure 6). The
groupings on the consensus map may not directly correlate to the clusters determined
from AHC due to the inclusion of all the different principal components. The consensus
mapping determined the ability of the experienced assessors to discriminate among the
samples, as well as providing a sensory profile of the inoculated wines. Based on these
results, the assessors differentiated among the aromas of the inoculated wine samples at
Day 28. These results suggest that that the storage time at which these changes occurred
would be between Day 21 and Day 28.

The consensus map visualized the assessors’ term usage at Day 42 from the FP
data (Figure 7). The FP mapping explained 68.1% of the variation among the samples.
PC1 described 42.3% of the variation and was described as the relationship between
fruity, cherry, and ethanol contrasted to leather spicy, and barnyard. Both replicates of
Brettanomyces I1A and F3 were in the bottom portion of the consensus map and were
described as honey, butterscotch, and cherry. The P. parvulus, L. bacillus, and A. pasteurianus
(Bottle 1) were clustered together and were described by notes such as lactic, metallic, and
horsey. Between Day 28 and Day 42, there was a decrease in cited sensory terms associated
with the Brettanomyces samples. Previous studies have found that as the Brettanomyces by-
products (particularly ethyl-phenols) increase, the perception of fruity and varietal aromas
decrease, even when these by-products are present at sub-threshold concentrations [49,50].
This effect may explain the results observed in this study. Similar to what was observed
from AHC, most of the microorganism bottle replicates were in similar areas on the
consensus map. While the Brettanomyces samples were not all present in the same cluster,
the samples were characterized by similar terms. This result suggests that clustering may
be based on the other principal components not displayed on the consensus map but
otherwise included in the AHC. These results were also observed at the Day 28 time point.
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Figure 7. Generalized Procrustes Analysis of the Flash Profile data taken at Day 42 of 23 °C storage of
the inoculated Merlot wine samples. Wine sample location is based on consensus mapping. Samples
are abbreviated based on cluster and are labeled with names as described in Table 1. Displayed
are the aroma terms used to describe the wines. Sensory terms are presented in a unique color for
each assessor.

In addition to utilizing the FP data for assessor consensus mapping, the term usage
was visualized, with terms separated as being either spoilage-related or non-spoilage
related (Figure 8). From Day 0 to Day 35, the assessors used non-spoilage related terms
at significantly higher frequencies (p < 0.0001). However, at Day 42 of storage, the use
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of traditional spoilage terms was significantly higher than the use of non-spoilage terms,
indicating a shift in sensory profile. The percentage of traditional spoilage terms, such as
barnyard and medicinal, compared to the overall term usage, was relatively consistent for
the first 35 days of storage (p > 0.05). Day 42 was the only time point that had a significant
difference in traditional spoilage term usage based on storage (p < 0.05). At Day 42, 58% of
the terms utilized to differentiate the inoculated wine samples were spoilage related, which
was significantly higher (15%) than any other time point. The sharp increase in traditional
spoilage terms indicated that between Day 35 and Day 42, the inoculated wines reached the
point at which they had a significant increase in negative sensory characteristics, suggesting
wine spoilage.

O
o

&n
=]

40

30

20
~a— Spoilage term

10

Terms cited by assessors (percentage)

—a— Non-spoilage terms

o 7 14 21 28 35 42

Time (days) at 23°C

Figure 8. The percentage of spoilage and non-spoilage related terms utilized by the experienced
assessors at each time point evaluations from Day 0 to Day 42. Evaluations were completed on
the spoilage organism-inoculated Merlot wines. Traditional spoilage terms were aromas that were
associated with negative sensory connotations based on the Brettanomyces aroma wheel. A * indicates
significant differences (p < 0.001) between the usage of spoilage terms and non-spoilage terms.

3.4. Study Limitations

In this study, only the aromatic profile of the wines was evaluated by the assessors.
These aromatic changes are likely to be insufficient for a full explanation of the sensory
changes in the wine conferred by the spoilage microorganisms. Similarly, this study did not
evaluate the different enzymatic reactions that can occur during aging, from natural and
microbiological sources, which have been shown to influence the sensory characteristics of
the wine. Another limitation was the sampling schedule and the frequency of sampling.
In the present study, wines were sampled weekly. More frequent sampling would be
needed to determine exact times at which sensory changes occurred. Even though this
study used weekly sampling, it does provide information regarding sampling frequency
for future studies.

Additionally, this study only utilized a rapid sensory method instead of traditional
descriptive analysis which may have provided a more robust examination of the sensory
changes occurring over storage.

Future studies should also explore additional experimental conditions to expand
generalizability of the results. In the present study, only one wine varietal and storage
temperature were evaluated. Given that different spoilage microorganisms have different
growth characteristics and metabolism, a greater range of storage temperatures would
provide this additional information. The present study used Merlot, but future studies
should explore other wine varietals to see if the relationships in the present study can
be extended.
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4. Conclusions

The ability of the e-tongue and FP to discriminate and detect wine faults caused by
spoilage microorganisms was determined in Merlot wine. The e-tongue differentiated
among the different wine faults starting at Day 21 of storage at 23 °C. From FP, assessors
were able to start discriminating among the faulted wines starting at Day 28; however, a
significant increase in traditional spoilage terms was not observed until Day 42. These
results indicated that the e-tongue discriminated among faulted wines based on their
non-volatile profile before the experienced assessors detected sensory changes in the
volatile profile.

These results suggest that the e-tongue is a useful tool for early detection of wine
faults and may provide winemakers with an opportunity for remediation. The application
of these novel techniques (e-tongue partnered with FP) may be the key to limiting financial
losses associated with wine faults by early detection and remediation.
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