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Abstract: To remove oxidizable polyphenolic compounds from wines, fining treatments with products
of various origins are applied before or after fermentation. Seeking alternatives to the treatments with
animal proteins or synthetic materials such as polyvinylpolypyrrolidone (PVPP), vegetal and mineral
products are tested. One of these alternative agents is pea protein (P), which can be combined with
chitosan (K), yeast cell walls (Y), active carbon (C), and/or Ca-bentonite (B). Aside from the proven
polyphenol removal effect, these products can also have an impact on aroma. This research evaluates
the effect of P and ternary combinations with P on the volatile compounds of aromatic wines from
the Tămâioasă românească variety. Several variants of treatments with P and with ternary mixtures
involving P were prepared in triplicate with a total dose of 20 g/hL of fining agent applied during
the pre-fermentative phase. Volatile profiles were determined using a flash gas chromatograph with
two short columns of different polarities. The chromatographic peak areas for the identified ethylic
esters, acetates and terpenes were used to compare the fining treatment effects. To test the significant
differences between experimental variants, the Analysis of Similarity (ANOSIM) was used. The
influences of P used alone and PVPP used alone were both significantly different compared to control
(untreated), but based on the dissimilarity index R, PVPP affected the volatile profile about twice as
much as P, showing that pea protein is a good alternative for PVPP. The ethyl esters were especially
reduced by PVPP, while P especially reduced the terpenes. From all the tested pea protein ternary
agents, those containing bentonite (PCB and PYB) showed a significant reducing effect on all classes
of compounds and therefore are not recommended. The combinations containing yeast cell walls,
PCY and PKY, are the most interesting alternatives to both PVPP and P used independently, PCY
being the least aggressive of all treatments on overall aroma, preserving well the aroma compounds
of all determined classes, including terpenes.

Keywords: pea protein; wine fining; PVPP; volatile profile; aroma; chitosan; Ca-bentonite

1. Introduction

Treatments with several fining agents have been standard procedures in winemaking
for a long time [1]. They are applied for several reasons, such as clarification and final wine
stabilization or quality improvement. One of the purposes of the fining treatments is to
partially reduce wine astringency and/or bitterness and even reduce colour intensity or
modify colour shade by removing polyphenols.

The compounds used for fining act by binding chemically or physically with some of
the wine components, which, after precipitation, are removed from the wine. Therefore, a
fining agent is never perfect in targeting only a certain compound or class of compounds
and will usually remove several types of compounds, some wanted and some unwanted.
Thus, even when selecting agents to particularly remove excessive polyphenols, some of
the beneficial compounds for wine aroma are inherently removed as well [2,3].
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The fining agents established in the winemaking practice for polyphenol compound
removal are usually the synthetic polymer polyvinylpolypyrrolidone (PVPP), proteins [4,5],
mostly of animal origin [6], and inorganic products, such as activated carbon [7] or some-
time bentonites [8,9]. After fining, the compounds, which are processing aids and not
additives, precipitate with the targeted compounds and are subsequently removed from
the must or wine through filtering and other procedures. However, some residues may
still remain in the wine [5]. Thus, some people started to avoid products obtained with
the use of animal proteins, on grounds that they proved to be allergenic or because the
resulting wine is not compatible with a vegetarian/vegan diet. Additionally, PVPP, being
obtained through synthesis, is regarded by some as non-natural and undesirable for use in
food products, although no safety concern was found by EFSA for its reported uses and
use levels [10].

To accommodate these new trends and perceptions regarding these wide-spread
treatments, other alternative fining agents have been tested for some time, many with very
good results.

In this way the plant protein from pea or potato, less allergenic and suitable for vege-
tarian nutrition, was proposed as an alternative to animal protein fining agents [11–14] or
to PVPP. Additionally, yeast cell walls [15] and chitosan [16], both of microbiological origin
and containing polyphenol-binding polysaccharides [17], were also tested for producing
wines compatible with vegetarian diets. Other polysaccharides, such as k-carrageenan [18]
and fibre from apples or grapes, were also tested before for wine fining, with different
effects on certain types of phenols [19–21].

Another important aspect of fining is the moment of application. In this research,
unlike in most fining cases, the treatments were not applied in the wine but in the must, in
the hope that the impact on aroma is less significant, as the fermentation aroma, which is
produced in a subsequent stage after the fining agents are removed from the must, would
supposedly not be affected. This is especially important for a wine obtained from an
aromatic grape variety, as is the case of Tămâioasa românească, which is appreciated for its
specific varietal terpenic aroma (given by compounds such as trans-geraniol, β-linalool,
nerol oxide, linalool oxide, α-terpinen-7-al, β-myrcene, cis-β-ocimene) but also for its
esteric fermentation aroma (given by compounds such as ethyl butanoate, ethyl-2-methyl-
butanoate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, ethyl acetate, isoamyl acetate,
cis-3-hexenyl acetate, 2-phenylethyl acetate) [22]. As the terpenic aroma of Tămâioasa
românească is extracted from the grape skins, the maceration process, which is applied for
extraction, is bound to also enrich the resulting must in polyphenols, which can sometimes
exceed 400 mg/L [23,24], while normally, the total polyphenol amount in white wines
ranges from 200 to 300 mg/L [25].

In this study, the main focus was put on pea protein (P) as a viable alternative to
PVPP for partial polyphenol removal. As sometimes, due to their mechanisms of action,
combining several fining agents into a complex product may produce a lesser or higher
effect by acting synergistically or antagonistically, ternary combinations of pea protein
and other fining agents were also prepared and evaluated. The (plant) proteins alone
may interfere in the interactions between polyphenols and other wine components [26,27],
but their fining power depends on many conditions and may also be influenced by the
presence of other fining agents. A wealth of scientific literature shows that fining agents,
depending on many factors, can have both positive and negative impact on wine volatile
compounds [2,3], but the exact effects are far from being predictable. Generally, compounds
such as bentonite [28,29] or active carbon [30] can remove more aggressively volatile
compounds, but our assumption is that their effect may be balanced by the presence of
organic fining agents, such as pea protein, yeast hulls, or chitosan. Also, a better clarification
of the must with combined fining agents may lead to an enhancement of the fermentation
aroma profile of the final wine.

Thus, in the ternary combinations, along with the pea protein, pairs of other ma-
terials were included, such as yeast cell walls, chitosan, activated carbon, and calcium
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bentonite. The tested combinations were previously evaluated in other experiments on
a different batch of must from the same grape variety to determine their effectiveness in
polyphenol removal [31]. The experiment showed that, compared to the case of control
wines, both PVPP and pea protein, alone or in combinations, were able to decrease the
amount of the total polyphenols under reductive winemaking conditions, while in the
presence of oxygen, the oxidized polyphenols were not sufficiently removed by any of
the fining agents. Under reductive conditions, irrespective of the treatment, the overall
colour difference calculated on the CIELab parameters measured spectrophotometrically
was not significantly influenced [31]. A detailed sensory analysis with human evaluators,
performed on the wines obtained from the same batch of Tămâioasă românească must
as the one used for the present volatile compound analysis, showed that the alternative
treatments based on pea protein, especially those containing only pea protein and those
with chitosan, led to wines with improved aromatic profile compared to the control wines
or to the wines fined with the synthetic compound PVPP [32]. As their positive effect
regarding the polyphenol removal and on the sensory profile of treated wines has already
been demonstrated, this paper focuses on the evaluation of the impact of these fining
agents on the aroma profile of wines determined with a more precise method based on
gas chromatography. The ultimate aim was to propose to winemakers optimal fining
alternatives to replace the traditional PVPP treatment, alternatives which would also be
more acceptable to health-conscious consumers.

2. Materials and Methods
2.1. Winemaking and Fining Materials

Grapes of the Tamâioasa românească variety were harvested in September 2023 from
the Pietroasa wine centre and processed into must. After destemming and crushing, the
resulting mash was treated with 60 mg/kg potassium metabisulphite (BASF, Ludwigshafen
am Rhein, Germany) and transferred through a cooling system into a stainless-steel tank of
1000 hL, with pectolytic enzyme in a dose of 0.8 mL/hL (Enozym Lux, Agrovin, Ciudad
Real, Spain), added to allow for aroma extraction. During the next 24 h, the tanks were
kept at 10–12 ◦C for a pre-fermentative maceration, mixing the phases by pumping for
2 min every 2 h. The homogenized mash was transferred into a pneumatic press in order
to collect the free-run must and the must from the first pressing cycle (0.6 Bar).

Forty litres of the resulting homogenized turbid must were then transferred into
24 stainless-steel tanks of 50 L to prepare 8 experimental variants with 3 repetitions each.
Fining treatments were applied in a total dose of 20 g/hL, a dose which included sev-
eral fining compounds and ternary combinations, as described in Table 1. The fining
agents used for tests are PVPP (SMARTVIN PVPP Enologica Vason, Settimo, Italy), pea
protein (Proveget, Agrovin, Ciudad Real, Spain), and combinations of pea protein with two
other agents such as chitosan (Kitosmart, Enologica Vason, Settimo, Italy), yeast cell walls
(OENOLEES, Laffort, Floriac, France), active carbon (Acticarbone 2SW, CECA Arkema,
Lannemezan, France), and/or Ca-bentonite (Microcol CL G, Laffort, Floriac, France). The
total dosage selected for pea protein was based on the minimum dose recommended by
the producer of pea protein (Agrovin, Ciudad Real, Spain), which suggests a treatment
of must with a dose between 20 and 50 g/hL, in accordance with the OIV International
Code of Oenological Practices [5], which allows for a maximum usage of 50 g/hL for the
proteins of plant origin. As the approved treatment with PVPP cannot exceed 80 g/hL [5]
and is usually recommended to be between 20 and 80 g/hL, the dose of 20 g/hL is also
the minimum reasonable dose to be used in order to have an effect but also to make the
treatments more economical. Accordingly, for the reason of comparison, all the treatments,
including those with ternary products, were made with a total dose of 20 g/hL fining
agents. Considering that at least some of the ternary combinations may render better
results than the PVPP or PP used alone as fining agents, the exact ratio among pea protein
and the other two compounds in these combinations is not disclosed at this time.
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Table 1. Fining treatments used in pre-fermentative phase.

Experimental
Variants Codification * Dose, g/hL Composition

Untreated grape must Control 0 -
PVPP PVPP 20 100% PVPP

Pea protein P 20 100% Pea protein

Ternary product 1 PYB 20 Pea protein + Yeast hulls +
Ca-Bentonite

Ternary product 2 PCB 20 Pea protein + Carbon +
Ca-Bentonite

Ternary product 3 PKY 20 Pea protein + Chitosan +
Ca-Bentonite

Ternary product 4 PKC 20 Pea protein + Chitosan +
Carbon

Ternary product 5 PCY 20 Pea protein + Carbon +
Yeast hulls

* PVPP (the classical treatment), pea protein (P), and combinations of P with two other agents such as chitosan (K),
yeast cell walls (Y), active carbon (C), and/or Ca-bentonite (B).

The fining agents were left in contact with the musts for 24 h at 10 ◦C and then the
decanted products were separated. The musts were transferred to clean 50 L stainless-steel
tanks and inoculated with 25 g/hL yeast for fermentation (Arome plus Fermol, AEB Group,
Brescia, Italy). The dry yeast, specially selected for its positive influence on the aroma of
aromatic varieties, was activated in the presence of a nutrient based on a high content of
natural amino acids (Fermoplus Tropical, AEB Group, Brescia, Italy), added in a ratio of
1:4 to the yeast. To ensure that sufficient assimilable nitrogen was available for the yeast,
during the second day of fermentation, the must was supplemented with the same yeast
nutrient in a dose of 20 g/hL. The fermentation process lasted 14 days under controlled
temperature conditions (15 ◦C). When the fermentation was completed, the wines were
racked from the lees and bottled in 0.75 L glass bottles.

2.2. Wine Analysis

To demonstrate that the fining treatments with the doses and combinations reported
in Table 1 were effective in achieving the main purpose of their application and are able to
partially remove polyphenols, the total polyphenol concentrations in the resulting wines
were determined by an A15 Biochemistry Analyzer from the BioSystems, Barcelona, Spain,
using the method with Folin–Ciocâlteu reagent [33,34]. The results are included in Table 2
and show that PVPP and all pea protein fining treatments reduced the total polyphenol
concentration compared to non-treated samples. The polyphenol reductions obtained using
pea protein and its combinations are similar to the one obtained with the PVPP (there is no
statistical difference among them at the significance level p = 0.05).

Table 2. Total polyphenol concentration of the wines obtained by pre-fermentation treatments with
PVPP, pea protein (P), and P-based ternary combinations.

Total Polyphenols,
mg/L *

Control PVPP P PYB PCB PKY PKC PCY

375 ± 7 a 274 ± 29 b 289 ± 16 b 286 ± 24 b 283 ± 3 b 277 ± 42 b 307 ± 11 ab 313 ± 19 ab

* Results are calculated as means ± standard deviations. Significance was determined by Tukey test at the level
p = 0.05. The results marked with different letters are significantly different.

The volatile components of the wines were analysed with a gas chromatograph with
two short columns of different polarities (DB5 and DB1701), which delivers a rapid sepa-
ration of the main aroma compounds. The equipment, Heracles e-Nose from AlphaMOS,
Toulouse, France, uses a syringe of 200 µL for gas injection from the wine sample headspace,
according to a method developed in our laboratory [35,36]. The software Alpha Soft ver.
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12.42 controls the autosampler, records the chromatograms on both columns, and allows
data processing. From each of the 3 repetitions of the 8 variants (24 wine samples), the
chromatographic determination was run in triplicate (72 GC determinations). In this way,
for each variant, 9 GC records were obtained, forming a group. For each group of chro-
matograms, that is, for each experimental variant, averages of peak areas were calculated.
Based on the average chromatographic peak areas and Kovats indices, the main volatile
compounds separated were identified from the chemical database of the Heracles apparatus,
AroChemBase, as well as from other external databases: Pherobase, Flavornet, NIST.

2.3. Statistical Analysis

For the comparison of total polyphenol results, the analysis of variance and the Tukey
test were applied using Origin 9.0 software package (OriginLab, Northampton MA, USA).
For the data obtained from the GC analysis, the ANOSIM and PCA methods were applied
using the software Past ver4.06b for Windows, developed by Professor Øyvind Hammer,
Natural History Museum, University of Oslo [37]. ANOSIM (analysis of similarity) is
a non-parametric multivariate statistical analysis which allows for the determination of
the statistically significant difference between groups simultaneously analysed. As a non-
parametric method, it does not use the raw data but uses a matrix of Euclidian distances,
which are transformed in ranks and create the dissimilarity matrix to describe pairwise
distinction between several groups. Distances only quantify the differences between groups,
with no consideration of what the two groups have in common. In this way, dissimilarities
compare the difference to what the groups have in common, measuring the differences
accordingly [38]. To determine the statistical significance, the pairwise ANOSIM post
hoc test calculates the p-values and the dissimilarity values R. The dissimilarity index R
typically varies from zero, meaning that no dissimilarity exists, and the value of 1 (or 100%),
meaning a complete separation of each group from one another [39]. In other words, an
R value close to 1 shows that the repetitions which form a group are more similar than
the repetitions included in other groups. When R decreases, more overlapping is present,
until there is no dissimilarity (R = 0). Thus, when R ≥ 0.75, the groups are considered to be
highly differentiated, while for R between 0.50 and 0.75, the groups are sufficiently well
differentiated. For R values between 0.25 and 0.50, the groups are hard to differentiate, and
for R between 0.10 and 0.25, the groups are overlapping, being relatively similar, while for
R < 0.1, the groups are considered practically identical.

For pairwise post hoc comparisons, a Bonferroni correction was applied by dividing
the significance level (α = 0.05) by the number of comparisons (n = 28 in our case), thus
leading to a new p level 0.05/n, called the adjusted significance level. For values under
0.05/n, the difference is statistically significant, values between 0.05/n and 0.05 may
produce a type I error (and should be considered non-significant to reduce the possibility
of committing such an error), while values over 0.05 show a non-significant difference.

Principal Component Analysis (PCA) is additionally used to reduce the amount
of dataset complexity and to visually show the differences and similarities among the
groups found by the ANOSIM method. The PCA method transforms the sets of data into
principal components, which contain most of the identified variance. As our datasets
contain chromatographic peak areas which could be very large, but are not necessarily
more important than the small ones, these large values tend to have high leverage on the
PCA, being included in PC1 irrespective of the maximum real variance in the dataset. To
reduce skewness in data distributions and improve the symmetry and stability of variance,
the data were log-transformed (log10(x)) before the PCA method was applied.

3. Results and Discussion
3.1. Volatile Profiles of the Samples

After the separation of volatile components introduced in the chromatograph from
the sample headspace, several compounds were identified on at least one of the two chro-
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matographic columns DB5 and DB1701 (Table 3), based on their retention Kovats indices
on each column.

Table 3. Peak areas of the volatile compounds identified on the chromatographic columns DB5 and
DB1701. The compounds were grouped in accordance to their chemical classes, which are written
with bold-italic font.

Kovats Retention Index/Column Identified
Compounds

Kovats Retention Index/Column Identified
CompoundsDB5 DB1701 DB5 DB1701

Ethyl-esters Terpenes

797.63 860.82 Ethyl butanoate 1094.47 1192.30 Linalool

993.93 1059.60 Ethyl hexanoate 1028.52 - 1,8-cineole

1193.96 1261.33 Ethyl octanoate 1149.21 1244.69 β-citronellal

1389.67 1457.95 Ethyl decanoate - 1311.00 α-terpineol

1491.84 - Ethyl undecanoate 1256.17 1377.52 trans-geraniol

- 910.53 Ethyl isovalerate 976.09 1017.44 β-myrcene

Acetate esters 964.63 - β-pinene

611.98 677.23 Ethyl acetate 1138.71 - Limonen-1,2-
epoxide

810.01 874.26 Butyl acetate 1223.59 - β-citronellol

874.37 941.40–2 3-Methylbutyl
acetate 1295.58 - Geranial

1005.56 1077.05 cis-3-Hexen-1-yl
acetate 1322.40 - Dihydrocitronellyl

acetate

Alcohols 1447.81 - cis-β-farnesene

736.67 848.57 2-Methyl-1-
butanol - 1158.31 dehydro-p-

cymene

1109.06 1279.81 2-Phenylethanol 1358.08 - Hydroxycitronellol

Aldehydes

657.14 - Isovaleraldehyde

- 731.09 2-Methylbutanal

On these columns, aside from a few alcohols and aldehydes, the main identified
compounds belonged to the classes of terpenes and esters (ethyl esters and acetates). The
values of the peak areas of each identified chromatographic peak (volatile compound)
are presented for each wine sample and repetition run in the Supplementary Table S1
(Excel file).

3.2. ANOSIM Analysis

For the eight wine variants and their repetitions, the total chromatographic peak
areas were grouped together for overall volatile compounds included in Table 3, as well
as for all the identified ethyl esters, acetate esters, and terpenes. The wine variants were
compared based on the peak area averages of overall volatile compounds (Figure 1A)
and of main classes of compounds (Figure 1B–D) using multivariate analysis of similarity
(ANOSIM). For an easy data interpretation, box-and-whisker plots (Figure 1) of inter-group
and intra-group ranked distances of various chromatographic peak areas were created and
the dissimilarity values R and the Bonferroni adjusted significance level were calculated
(Table 4).
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Figure 1. Box-and-whisker plots of inter-group and intra-group ranked distances of various chro-
matographic peak areas resulting from multivariate analysis of similarity (ANOSIM). Boxes represent
the interquartile range (IQR) between Q1 and Q3, and the horizontal line inside the box defines Q2,
the median. Whiskers represent the lowest and highest values within the range of 1.5 × IQR, that is,
Q1 − 1.5 × IQR and Q3 + 1.5 × IQR, respectively.

Table 4. Pairwise ANOSIM post hoc test for various volatile compound groups (based on chromato-
graphic peak areas)—dissimilarity index R and adjusted p-values *.

Control PVPP P PYB PCB PKY PKC PCY

A. Overall volatile compounds

PVPP p = 0.0001
R = 0.6704

-
-

P p = 0.0009
R = 0.3505

p = 0.0084
R = 0.3254

-
-

PYB p = 0.0002
R = 0.9856

p = 0.0001
R = 0.4674

p = 0.0001
R = 0.9945

-
-

PCB p = 0.0001
R = 0.9136

p = 0.1885
R = 0.0641

p = 0.0001
R = 0.8820

p = 0.0024
R = 0.3831

-
-

PKC p = 0.0002
R = 0.7833

p = 0.3629
R = 0.0096

p = 0.0002
R = 0.5144

p = 0.0068
R = 0.3669

p = 0.0622
R = 0.1536

p = 0.0077
R = 0.3272

-
-

PKY p = 0.0017
R = 0.4928

p = 0.0124
R = 0.2922

p = 0.0046
R = 0.4119

p = 0.0211
R = 0.1763

p = 0.0015
R = 0.3803

-
-

PCY p = 0.0522
R = 0.1115

p = 0.0439
R = 0.2082

p = 0.0048
R = 0.2236

p = 0.0051
R = 0.3659

p = 0.0080
R = 0.3412

p = 0.0623
R = 0.1598

p = 0.0103
R = 0.3330

-
-
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Table 4. Cont.

Control PVPP P PYB PCB PKY PKC PCY

B. Ethyl esters

PVPP p = 0.0002
R = 0.7411

-
-

P p = 0.0026
R = 0.4650

p = 0.2655
R = 0.0322

-
-

PYB p = 0.0002
R = 0.9458

p = 0.0017
R = 0.4311

p = 0.0001
R = 0.7370

-
-

PCB p = 0.0002
R = 0.7898

p = 0.1013
R = 0.1073

p = 0.0131
R = 0.2490

p = 0.0022
R = 0.3316

-
-

PKC p = 0.0001
R = 0.6951

p = 0.3035
R = 0.0158

p = 0.0949
R = 0.1104

p = 0.0140
R = 0.2620

p = 0.4251
R =

−0.0106

p = 0.0700
R = 0.1468

-
-

PKY p = 0.0029
R = 0.5003

p = 0.0055
R = 0.3412

p = 0.0132
R = 0.3340

p = 0.0258
R = 0.1770

p = 0.0075
R = 0.3491

-
-

PCY p = 0.0496
R = 0.1584

p = 0.0189
R = 0.2150

p = 0.1418
R = 0.0731

p = 0.0011
R = 0.4403

p = 0.0290
R = 0.1927

p = 0.0434
R = 0.1975

p = 0.0872
R = 0.1145

-
-

C. Acetate esters

PVPP p = 0.0001
R = 0.4482

-
-

P p = 0.0161
R = 0.1910

p = 0.0097
R = 0.2740

-
-

PYB p = 0.0002
R = 0.9012

p = 0.0003
R = 0.5171

p = 0.0002
R = 0.9794

-
-

PCB p = 0.0001
R = 0.6368

p = 0.7253
R =

−0.0514

p = 0.0002
R = 0.5096

p = 0.0028
R = 0.3913

-
-

PKC p = 0.0002
R = 0.5487

p = 0.1640
R = 0.0679

p = 0.0001
R = 0.3813

p = 0.0078
R = 0.3532

p = 0.2587
R = 0.0305

p = 0.0435
R = 0.2092

-
-

PKY p = 0.0005
R = 0.5243

p = 0.0101
R = 0.3265

p = 0.0072
R = 0.3892

p = 0.0077
R = 0.2202

p = 0.0097
R = 0.3265

-
-

PCY p = 0.1271
R = 0.0744

p = 0.0330
R = 0.2143

p = 0.0708
R = 0.1046

p = 0.0036
R = 0.3964

p = 0.0116
R = 0.3028

p = 0.0607
R = 0.1663

p = 0.0263
R = 0.2130

-
-

D. Terpenes

PVPP p = 0.0006
R = 0.4465

-
-

P p = 0.0014
R = 0.4592

p = 0.0008
R = 0.4712

-
-

PYB p = 0.0001
R = 0.5261

p = 0.1142
R = 0.0785

p = 0.0171
R = 0.2329

-
-

PCB p = 0.0001
R = 0.5281

p = 0.3128
R = 0.0254

p = 0.0015
R = 0.3933

p = 0.5540
R =

−0.0220

-
-

PKC p = 0.0003
R = 0.4918

p = 0.8509
R =

−0.0648

p = 0.0008
R = 0.5134

p = 0.1188
R = 0.0840

p = 0.2169
R = 0.0425

p = 0.5146
R =

−0.0175

-
-

PKY p = 0.0124
R = 0.2174

p = 0.7477
R =

−0.0511

p = 0.0059
R = 0.2599

p = 0.1596
R = 0.0610

p = 0.2305
R = 0.0398

-
-

PCY p = 0.0124
R = 0.2160

p = 0.3417
R = 0.0168

p = 0.0032
R = 0.2901

p = 0.0591
R = 0.1204

p = 0.1340
R = 0.0789

p = 0.9259
R =

−0.0716

p = 0.2630
R = 0.0340

-
-

* p-values are adjusted α (Bonferroni correction), where α = 0.05/n (n—representing all possible pairs, namely
n = 28). Observable differences are induced by the treatments when both parameters significant (p < 0.0018, R <
0.5) and these paired values are in bold font. For some pairs, in which p < 0.0018 and R was only slightly over 0.5,
italic font was used to signal a likely dissimilarity.
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As seen in Figure 1, the overall volatile compounds are clearly reduced by traditional
treatment with the PVPP and by the most promising alternative to PVPP, pea protein
(P). Ethyl esters are especially reduced by PVPP (Figure 1B), and terpenes are especially
reduced by P (Figure 1D). Other pea protein combinations can reduce the volatiles more
or in a similar way as the P used independently, being clearly different from the control
samples as well. The pea protein combinations with yeast cell walls, PCY and PKY, are the
most similar to the untreated wines (control), preserving well all classes of compounds.

The effect of treatments is better observed when the pair-wise comparisons are be-
ing performed.

Table 4 contains the R values and adjusted p-values for pairwise ANOSIM post hoc
test for various volatile groups, allowing us to establish which type of treatment generated
significant differences in the aromatic profile of the wine. The differences are significant
when the adjusted p values are lower than 0.0018 (adjusted p = 0.05/28) and the treatments
are highly discriminated when the dissimilarity index R is over 0.75 and sufficiently well
discriminated for R between 0.50 to 0.75. To conclude that observable differences are in-
duced by the treatments, both parameters are taken into account (p < 0.0018, R < 0.5). These
paired values are identified in the table with bold font. For some pairs, in which p < 0.0018
and R was only slightly over 0.5, italic font was used to signal a likely dissimilarity.

As it can be observed in Table 4, for the overall volatile compounds, samples treated
with PVPP, with ternary combinations based on pea protein and bentonite (PYB, PCB), and
with ternary combinations based on pea protein and chitosan (PKC, PKY) were clearly
different from the control wines (column 1 in Table 4). PKY, due to the protective presence
of yeast cell walls (Y), having an R just slightly under 0.5 (R = 0.4928), is less dissimilar,
but still distinct compared to control regarding the overall volatile profile. At the same
time, samples treated only with pea protein P and PCY are similar to the control wines in
this regard.

Compared to samples treated with PVVP (column 2 in Table 4), we observe that none
of the P and P ternary combinations are different, with the exception of PYB, which was
at the limit, with R = 0.4674. All these P and P combinations, not being different from the
PVPP as the overall aroma is concerned, can all be used as alternatives for PVPP.

Compared to samples treated with P only (column 3 in Table 4), samples containing
bentonite (PYB and PCB) were highly dissimilar (R = 0.9945 and R = 0.8820, respectively),
while the chitosan-containing sample PKY was also different, with R = 0.5144. Compared to
each other, all ternary combinations do not lead to significant differences in aroma profile,
and thus all these combinations are equivalent from this viewpoint.

When classes of volatile compounds are analysed, it becomes clear that most of the
differences observed in the overall profile are due to differences in the ethyl esters profile.
Thus, compared to control samples, the same PVPP samples, pea–bentonite samples PYB
and PCB, and pea–chitosan PKC and PKY induce the most obvious differences regarding
the ethyl esters. With R = 0.4650, samples treated only with pea protein (P) are less different
from the control samples, while PCY is the least different from control, with R = 0.1584.
Thus, pea protein can be seen as a good solution to preserve the typical ethyl esters of
this variety, but the ternary combination of pea protein, yeast walls, and carbon could be
even better.

As was the case of the overall aroma, for ethyl esters too, none of the P and P ternary
combinations differ from the PVPP samples, with PYB being again at the borderline
(R = 0.4311). However, regarding the ethyl esters, PYB is clearly dissimilar from the P
samples (R = 0.7370), while no differences are statistically confirmed among ternary combi-
nations with P protein.

For the volatile acetates, differences from the control samples were observed again
for the treatments with combinations with bentonite and with chitosan, PYB and PCB
and PKY and PKC, respectively, as well as borderline differences for PVPP (R = 0.4482).
Compared to PVPP, only PYB showed some dissimilarity (R = 0.5171). Compared to
samples only treated with P, the ternary combinations with bentonite PYB and PCB proved
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to influence the acetate profile. Here too, among ternary combinations with P protein, no
dissimilarities were observed, even though compared to control wines, as well as P wines,
the combinations with bentonite stand out for being different.

As Tămâioasa românească is primarily a terpenic aromatic variety appreciated es-
pecially for these aromatic traits, the influence of treatments on the terpene profile is of
importance. Of all the treatments, those made with ternary combinations containing ben-
tonite PYB and PCB induced clear differences compared to control samples (R = 0.52), but
some borderline differences are also determined by the treatments with P (R = 0.4592),
PVPP (R = 0.4465), and PKC (R = 0.4918). There are also borderline dissimilarities between
samples treated with PVPP and with P (R = 0.4712), while compared to P samples only
PKC is different (R = 0.5134). Among ternary combinations, no statistical differences are
observed for terpenes as well. Regarding the preservation of terpenes in the produced
wines, the treatments with ternary combinations containing pea protein and yeast cell walls
(PKY, PCY) stood out as being the least aggressive, the terpenic profile being very similar
(R around 0.2) to the one of the untreated (control) wines.

Of all the ternary combinations, PYB is strongly different (R > 0.9) from the control
samples for the overall profile and for all types of esters (acetates and ethyl esters), while for
the terpenes the influence is present but less important (R = 0.5261). This is an interesting
observation, as the terpenes are highly important for the aromatic profile of this variety,
which means that even the most aggressive ternary combination, which appears to be
detrimental for the aromatic profile, most likely due to the presence in combination of
bentonite, is less aggressive when it comes to terpenes. The same observation, even with
slightly lower R values than in the case of PYB, is valid for the other combination with
bentonite, PCB.

Conversely, the PCY combination shows a minimum effect on aroma compounds,
being very similar to the control sample for all the classes of substances (R = 0.1584 for
ethyl esters, R = 0.0744 for acetates and R = 0.2160 for terpenes). Of all the combinations,
PCY appears to be the least aggressive on the aromatic profile and a good replacement for
PVPP, with better results than P used alone (also seen in Figure 1).

The samples treated with the combination containing chitosan and yeast cell walls,
PKY, were only at a limit significantly different from the control samples (R around 0.5),
having, in accordance with the dissimilarity index R, a quite similar effect on volatiles as
the treatment with PVPP. This is especially clear in the case of the effect on terpenes, where
no difference compared to PVPP was found for all types of compounds (R between 0.0096
and 0.0679). Thus, if the classical treatment with PVPP is to be considered the reference
treatment, the ternary combination PKY seems to be a good replacement as far as the effects
on the aromatic profile are concerned (also seen in Figure 1).

The treatment with only pea protein can also be a good replacement, being also not
significantly different from control or PVPP samples. However, the dissimilarity R values
for treatment with P only were higher for the terpenes, approaching the limit of significance
(R = 0.4592 compared to control and R = 0.4712 compared to PVPP samples). Thus, the
ternary combinations based on yeast walls (PKY and PCY) proved to be much better than P
in this respect (R value close to 0.2). This shows that pea protein treatment actually removes
a part of the terpene compounds, while in the presence of yeast cell walls, this removal
is attenuated.

3.3. PCA

The results obtained by ANOSIM analysis are also confirmed by the PCA performed
based on the most representative volatile compounds which are influenced by the treat-
ments. Moreover, for the treatments which had statistically proven effects on the aroma
profile, PCA was able to show if the difference detected by ANOSIM was beneficial or
detrimental. For PCA, one or two related alternative fining combinations were compared
with the group of control samples and the group of reference treatment, PVPP. For brevity,
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only the fining treatments with specific effects on the volatile profile are included and
discussed.

Thus, plots of PCA applied to the treatments with PKC (which affected all classes of
compounds), PCB and PYB (which affected especially the esters), P (which affected more
the terpenes), and PKY and PCY (which affected the least all classes of compounds) are
presented in Figure 2, Figure 3, Figure 4 and Figure 5, respectively.
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In the biplot space, the variables (volatile compounds) placed in the same region as
a certain group have a high contribution to it. The magnitude (loading) of the volatile
compound vectors (lines) shows the strength of their contribution to each PC. When
vectors point in the same direction, they represent positively correlated variables, and
when they point is opposite directions, they represent negatively correlated variables,
whereas vectors approaching right angles against the PC axes have low correlation on that
respective variable.

Considering the fact that PKC had a major effect on all types of volatiles for its PCA,
the overall volatile profile was used (Figure 2). It can be observed that the principal
component 1 explains most of the variance (90.68%). The other principal component (PC2)
explains only 9.32% of the variance and is especially determined by some compounds such
as geranial, ethyl undecanoate, and dehydro-p-cymene. No clear separation of terpene and
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esters is obtained after the PCA, both principal components depending on substances from
all volatile classes determined by gas chromatography.

The group of samples treated with the ternary combination PKC is partially overlap-
ping with the group of PVPP, signifying that the PKC treatment could be a replacement for
PVPP in this respect, but not the best one. Compared to PVPP, PKC is partly reducing the
complexity of final wines.

Based on these compounds and their loadings on the PCA axes, the group of control
samples is clearly separated from the PVPP group, showing an effect of the treatment on the
overall volatile profile of wine and a loss of complexity due to the decrease in some terpene
concentration (especially geraniol, linalool, α-terpineol, and limonen), as well as esters
(ethyl hexanoate, octanoate, decanoate). This effect, determined in part by the presence
of chitosan, was also confirmed in another study [40], in which the free terpenols, except
α-terpineol, were found to decrease significantly after a treatment with 1 g/L chitosan,
while the glycosylated terpenes and the fermentative aroma compounds were not affected
by this addition. This fact also confirms that performing the treatments in the must, as
performed in our study, leaves the glycosylated terpenes unaffected, thus able to hydrolyse
during fermentation and confer the wine-specific aroma. Another study [41], showing that
chitosan applied during fermentation has an impact on higher alcohols, acetates, ethyl
esters, and fatty acids found in the final wines, seems to support the idea that fermentation
aroma compounds may also be preserved by pre-fermentative treatment.

According to Figure 2, the untreated samples (control) are associated more with the
following volatile compounds, which induce particular odours: trans-geraniol (floral-rose,
citrus), α -terpineol (anise, pine-woody), limonene-1,2-epoxide (fresh citrus, green), cis-3-
hexen-1-yl acetate (green-fruity), 3-methylbutyl acetate (banana), ethyl acetate (solvent, nail-
polish remover), 1,8-cineole (sweet, mint, herbal type odour), ethyl isovalerate (apple), ethyl
hexanoate (apple, pineapple), ethyl octanoate (fruit and flowers, waxy), and ethyl decanoate
(waxy, brandy-like). Samples treated with PVPP and PKC are associated more with the
following volatile compounds: hydroxy-citronellol (floral, lily and rose), β-citronellol
(rose, sour, green, clove, sweet, citrus, floral), β-pinene (musty, green, sweet, pine, resin,
turpentine, woody), cis-β-farnesene (citrus, herbal, woody), isovaleraldehyde (malt), 2-
methylbutanal (almond), 2-methyl-1-butanol (malt), ethyl butanoate (fruits, pineapple),
and 2-phenylethanol (rose-like).

For the PCB and PYB treatments, to better underline their negative effect on the ester
compounds of aroma, PCA was computer-only, based on the ethyl esters and acetates
(Figure 3).

As determined by ANOSIM analysis, the treatments performed with combinations
in which bentonite was present (PCB, PYB) induced the greatest differences in all classes
of the aroma profile. In Figure 3, the bentonite combination with yeast cell walls and pea
protein (PYB) was found to be the most aggressive on the aroma when compared to both P
and PVPP groups. The PCA confirms that the treatment with the ternary combination PYB
induced a volatile profile less associated with the majority of the ethyl esters and acetates
present in control wines. These esters are normally present in Tămâioasa românească
wines, complementing the well-recognized terpene aromatic profile. As seen in Figure 3,
only the ethyl butanoate (fruits, pineapple) is more associated with the PYB wines, but
the complexity of the aroma profile given by the rest of the esters is much reduced. The
samples produced with the classical PVPP treatment also displayed a reduction of esters
and complexity compared to control wines but not as much as it was the case with the PYB
treatment. This detrimental effect on aroma can be mainly explained by the presence of
bentonite in the ternary mixture, which binds with proteins. Recently, it was demonstrated
by spectroscopy that ethyl esters interact with proteins in wine [42], meaning that bentonite
can remove not only proteins from wine but also protein–ester complexes.

As can also be seen in Figure 3, specific Muscat-type aroma compounds (geraniol,
linalool, α-terpineol, limonen, geranial, β-citronellal) were also reduced by these combi-
nations with bentonite. This is no surprise, as the effect of bentonite on terpenols was
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demonstrated previously on aromatic varieties [43]. However, the effect of bentonite on
terpenes is much less important than is the case of ethyl ester removal in Muscat-type
wines. Vicenzi et al. [44] demonstrated in a model solution that bentonite, in the presence
of wine proteins, generally has a reduced effect on terpene removal but a significant one on
fatty acids and ethyl esters, especially those with the longest carbon chains (ethyl octanoate
and ethyl decanoate). This reduction in ethyl octanoate and decanoate by the fining agents
with bentonite was also found in the present study.

Regarding the treatment with pea protein only, as the ANOSIM analysis proved, the
most affected compounds were the terpenes. Therefore, the PCA for the treatment with P,
compared to PVPP and control wines, took into account only the identified volatile terpenes
(Figure 4).

The PCA for pea protein (Figure 4) shows a tendency of the P group of wines to shift
in the biplot space toward lower contributions of the terpene compounds in their aromatic
profile, but the effect is not statistically significant, all wine groups, control, PVPP and P,
falling in the same 95% confidence interval.

The PCA diagrams for the least aggressive treatments on aroma, those with ternary
combinations containing yeast cell walls, PKY and PCY, are shown in Figure 5. The fact
that these ternary groups are both overlapping with the PVPP group means, actually, that
these treatments are the best replacements for PVPP. The decision for using these two
ternary fining agents in wines is to be taken with caution, as this mild effect on the aroma
profile is also correlated with a lower power of polyphenol reduction compared to the
power of PVPP (higher total polyphenol indices of about 5.7% and 7.3% were determined in
wines treated with PKY and PKC, respectively, as compared to the reduction produced by
PVPP [24]). This effect may be due to the binding of yeast cell walls to proteins, including
the pea protein in the fining agent, as this mechanism of yeast cell wall chitin to reduce
protein haze in wine was recently demonstrated [45].

4. Conclusions

Treatments applied in winemaking for polyphenol compound removal also affect
the aromatic profile of wines. Several treatments proven to have effect on polyphenol
removal, classic (PVPP) and new (pea protein and combinations), were applied in the
pre-fermentative phase of winemaking. The resulting wines were compared to determine
the fining combinations with the least influence on the aromatic profile.

Compared with the untreated wines, among the tested treatments, the ones with
highest impact on aroma were those based on the widely used PVPP, as well as the
combinations with bentonite (PYB, PCB) and combinations with carbon (PCB, PKC). These
compounds affected significantly the overall aroma profile, particularly by reducing the
ethyl ester and acetate classes of compounds. The combinations with bentonite (PYB, PCB)
also had a significant impact in reducing the terpenes.

Pea protein used alone had a borderline detectable impact by reducing the overall
aroma, ethyl esters, and terpenes compared to untreated wines. However, the influences of
P used alone and PVPP were both significantly different compared to control (untreated
wine) but, in accordance with the dissimilarity index R, PVPP (R = 0.6704) affected the
volatile profile about twice as much as P (R = 0.3505). Compared to the samples treated
with PVPP, the effect of pea protein is not statistically significant (R < 0.5) and it can be
concluded that pea protein can be used as an alternative to PVPP in winemaking.

Pea protein combined with other fining agents may lead to different effects than P
used alone. The PYB combination, due to the presence of bentonite, induced the most
differences in the volatile profile, affecting all classes of volatile compounds, but especially
esters, stripping the fruity flavours from the resulting wines. The PCB combination also
reduced the complexity, with bentonite and possibly activated carbon acting on the overall
volatile profile. Both these combinations reduced the aroma in a significant way compared
to P alone or PVPP and therefore are not recommended for use.
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However, two of the combinations containing yeast cell walls, PKY and PCY, are the
most interesting alternatives to both PVPP and P alone. Their effect on the overall volatile
profile of wines is borderline for PKY (R = 0.4928) and not significantly different for PCY
(R = 0.1115) compared to untreated wines. Compared to P for the overall volatiles, PKY
and PCY induced no observable difference (R values around 0.2). Most importantly, these
combinations had no significant impact on terpenes, the resulting wines being, in this
regard, similar to the samples treated with PVPP.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/beverages10030081/s1, Table S1: The peak areas of the compounds
identified in the chromatograms obtained for each experimental wine sample based on their retention
time and Kovats Retention Indices.
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