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ARTICLE INFO ABSTRACT
Keywords: Commercial yeast mannoproteins (CMPs) are widely used in winemaking for their physico-chemical stabilizing
Red wine sensory modulation properties. However, their influence on the sensory characteristics of red wines, particularly at specific stages of
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production, remains poorly understood.
The present study aims to address this gap by investigating how the molecular features of five distinct CMPs,
when added prior to bottling, modulate key sensory attributes in two commercial qualities of young Cabernet

Sauvignon red wines, produced at a pilot winery scale (batches of 50 L).
The CMPs differed in their molecular weight distribution, polysaccharide purity, and both polysaccharide and
monosaccharide composition, enabling the exploration of structure—function relations in the context of different

red wine matrices.

CMPs enhanced smoothness (astringency's sub-quality), only in wines with a less pronounced astringency
profile, indicating a matrix-dependent interaction effect. This finding was particularly associated with CMPs rich
in medium molecular weight (MW) polysaccharides (~43 kDa).

In contrast, the modulation of hotness and sweetness depended exclusively on CMPs treatment, indicating
direct effects independent of wine matrix. Specifically, hotness decreased across all CMPs treatments (20.8-90.6
kDa), while sweetness exhibited an increase with CMPs containing a higher proportion of oligosaccharide

fraction.

The study also highlights the need for detailed physico-chemical characterization of CMPs on product labels.
Such improvements would support enologists in tailoring sensory outcomes more effectively, especially in light
of matrix-dependent responses, and address potential export restrictions related to additives like gum arabic,
which was found in one of the CMPs.

1. Introduction

CMPs were first authorized by the International Organization of Vine
and Wine (OIV) in the early 2000s for their addition in white wine to
improve its tartaric and/or protein stability [1]. The use of CMPs quickly
spread to purposes other than physico-chemical stabilization, and to

* Corresponding author.

other types of wines, starting to be attractive to enologists due to their
observed effects on the technological and sensory characteristics of
wines [2]. According to the OIV Resolution [3], these preparations must
contain a polysaccharide concentration higher than 600 g/Kg, consist-
ing of at least 70% of mannose. This is usually the only information, if
any, that appears on the label of these commercial preparations.
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However, factors as the yeast strain used, growth conditions, purifica-
tion methods, and extraction techniques are known to influence their
chemical composition and MW distribution, which in turn affects their
specific technological and sensory effect in wine [4,5], as shown in
Supplementary Table 1, which focuses specifically in the MW impact.
Regarding specifically the effect on astringency, it has been proposed
that the addition of CMPs can modulate the astringency of wine through
different mechanisms: 1) associative: forming ternary aggregates (MPs-
Flavas-SPs) of mannoproteins (MPs) with flavanols (Flavas) and salivary
proteins (SPs), 2) competitive: preventing interactions between flava-
nols and salivary proteins (MPs-Flavas-MPs X SP) [6]. The main factors
identified in the modulation of these interactions are: 1) molecular
weight, with larger MPs appearing to reduce astringency, and 2)
composition, including the mannose content and protein fraction. This
structure-function relationship is a key principle in food science, where
modifying the structure of macromolecules, such as proteins, is an
established strategy for tailoring their functional properties. MPs with a
higher mannose content are thought to be less effective at reducing
astringency [7-11]. Although these recent works have provided valu-
able insights into the mechanisms and factors by which MPs affect the
astringency of wine, they were performed in small-scale model systems
using uncommon doses of CMPs (0.6 g/L-3.36 g/L) and experiments
involving no more than 2-3 different CMPs. Moreover, none of these
studies specifically address the case of pre-bottling addition in red
wines, where the doses typically used are much more conservative. This
raises the need for larger scale studies, with different wine matrices,
comparing a larger number of CMPs within a realistic dose as a function
of the stage and time of winemaking at which it is added. Hence, the aim
of the study was to investigate whether CMPs recommended specifically
for pre-bottling addition were able to improve the sensory quality of
Chilean Cabernet Sauvignon red wines from the Maule region, without
extended aging on lees, regardless of their wine matrix. Thus, obtaining
key information on the physico-chemical characteristics of CMPs that
enhance the sensory attributes of wine under this specific application.

2. Materials and methods
2.1. Origin of wines and commercial mannoproteins

The red wines used in the study were two commercial qualities (low-
tier and premium-tier) of Cabernet Sauvignon 2022 vintage from Maule
valley of Chile. The wines were sourced from Concha y Toro's com-
mercial winery and sampled prior to the final filtration, which is carried
out just before bottling. A total of 900 L of each type of wine was taken
from the commercial winery and transferred to the Center for Research
and Innovation of the same winery. On the other hand, the CMPs were
supplied directly by five major enological products suppliers (one CMP
per company). These companies selected their CMPs specifically for
their specific application into red wines prior to bottling.

Table 1
Enological analysis of base wines.
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2.2. Physico-chemical analysis

Prior to the experimental treatments, basic enological analyses were
performed in triplicate on each quality of wine (Table 1). These analyses
included those stablished by the OIV [12], such as pH, Total acidity (g/
L), volatile acidity (g/L), alcohol content (% v/v), reducing sugars (g/L),
free and total SO, (mg/L), and color intensity (OD 420 nm + OD 520 nm
-+ OD 620 nm). Additionally, total phenolic index (OD 280 nm expressed
in absorbance units) was measured according to Ribéreau-Gayon [13],
and the filterability index (FI) of base and treated wines was measured
according to the classic definition of Laurenty in 1976 [14], after one
week of contact with the CMPs and before filtration and bottling.

Quantification of hydroxycinnamic acids, hydroxybenzoic acids,
stilbenes, flavonols, flavan-3-ols, and anthocyanins was conducted in
triplicate by high-performance liquid chromatography (HPLC) equipped
with a photodiode array detector (DAD) (Agilent Technologies, Palo
Alto, CA, USA), following the procedure reported by Feng et al. [15].

As flows, wine samples were first filtered using 0.45 pm membrane
filters, and aliquots of 25 pL were directly injected into the HPLC system.
Separation of analytes was achieved using a LiChrospher 100 RP-18
column (Agilent) with a particle size of 5 pm (250 mm x 4 mm).

The elution of phenolic compounds was carried out at a flow rate of
1 mL/min using the following mobile phases: solvent A, 50 mmol/L
NH.H>PO. adjusted to pH 2.6; solvent B, a mixture of 80% acetonitrile
and 20% solvent A; and solvent C, 200 mmol/L o-phosphoric acid at pH
1.5. The gradient program was as follows: 0% B and 0% C under isocratic
conditions for 5 min; linear increase from 0% to 8% B over 12 min; from
8% to 14% B combined with a change from 0% to 86% C in 5 min; from
14% to 18% B and 86% to 82% C over 7 min; from 18% to 21% B and
82% to 79% C during 26 min; from 21% to 33% B and 79% to 67% C in
15 min; from 33% to 50% B and 67% to 50% C in 8 min; and finally from
50% to 80% B while decreasing solvent C from 50% to 0% over 8 min.
Quantification of phenolic compounds was conducted following the
procedure reported by Feng et al. [15] (Supplementary Table 4).

In parallel, different analyses were performed to characterize the
CMPs. The molecular weights (MW) and their distributions for CMPs
were determined following the method previously described by Gua-
dalupe [16]. CMPs were analyzed in triplicate using high-performance
size-exclusion chromatography with a refractive index detector
(HPSEC-RID). Two serial Shodex OHpack KB-803 and KB-805 columns
(0.8 x 30 cm, Showa Denko, Japan) were used. The CMPs were solved in
miliQ water (4.0 mg/mL), filtered through a membrane with a 0.45 pm
pore size and 500 pL were injected and eluted with a eluted with a 0.1 M
solution of LiNOs at a flow rate of 1 mL/min. The calibration curve for
this analysis was performed using narrow pullulan MW standards
(Shodex P-82, Waters, Barcelona, Spain). P5: (5.9 KDa), P10 (11.8 KDa),
P20 (22.8 KDa), P50 (47.3 KDa), P100 (112 KDa), P200 (212 KDa), and
P400 (404 KDa). The apparent molecular weights were deduced from
the calibration equation log MW = 10.387-0.3749 tR (tR = column
retention time at peak maximum, and r? = 0.998).

The monosaccharide composition of the CMPs was determined by

Physico-chemical parameter

Low-tier wine Premium-tier wine

pH

Total acidity (g/L)

Volatile acidity (g/L)

Alcohol (% v/v)

Reducing sugars (g/L)

Free SO, (mg/L)

Total SO, (mg/L)

Color intensity (A.U. 420 nm + A.U.520 nm + A.U. 620 nm)
Total phenolic index (A.U. 280 nm)

Filterability index (FI)

359+01a 3.61 £0.12a
3.34+0.02a 3.29 £ 0.06 a
0.62 +0.01 a 0.40 + 0.01 b
11.70 £ 0.10 b 13.60 £ 0.12a
4.95+0.04 a 1.94 + 0.02 b
3840 +£1.42a 28.90 £ 2.70 b
73.40 £2.89b 105.1 £ 4.45a
10.2+0.2a 853+ 0.3b
41+0.2b 46 + 0.3 a
6.0+1.1b 10.5+ 0.6 a

Different letters in the same row indicate statistically significant differences between columns (p < 0.05).
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GC-MS of their trimethylsilyl-ester O-methyl glycosyl residues obtained
after acidic methanolysis and derivatization as previously described by
Guadalupe [16]. The CMPs were analyzed in triplicate and standard
carbohydrates were used as patterns for identification quantitation. The
chromatographic column was an Agilent HP-5MS fused silica GC column
(30 m x 0.25 mm x 0.25 pm). The oven program started at an initial
temperature of 120 °C which was increased at a rate of 1 °C min~" to
145 °C and then to 180 °C at a rate of 0.9 °C min~! and finally to 230 °C
at 40 °C min~!. The GC injectors were equipped with a 3.4 mm 1.D. and
were maintained at 250 °C with a 1:20 split ratio. The carrier gas was
helium.

2.3. Treatment and sensory analysis

To reproduce realistic conditions for the industrial application of
CMPs in red wines before bottling, the five selected CMPs (CMP1, CMP2,
CMP3, CMP4 and CMP5) were added to each quality of wine (low-tier
and high-tier wines) in batches of 50 L with three replicates, using the
doses recommended by each manufacturer according to their experience
with the particular enological conditions of Cabernet Sauvignon wines
from the Maule valley of Chile. The doses applied were 4 g/hL for CMP1,
21 g/hL for CMP2, 23 g/hL for CMP3, 4 g/hL for CMP4 and 7 g/hL for
CMPS5, chosen by each manufacturer in order to achieve the optimal
effect for each specific CMP preparation. The control group for each
wine quality was left untreated, giving a total of 36 total trials.

After the CMPs addition, the wines were homogenized, de-aerated
with Ny and stored for one week. After this period, the wines were
membrane filtered (5.0, 3.0 and 1.0 pm) and bottled in 750 mL bottles,
always under Ny, and screw-capped with 30 x 60 mm STELVIN® cap-
sules (Saranex lined). The bottles were then stored in the dark at 16 °C
for one month.

After this period, the treatment replicates were mixed prior to sen-
sory analysis, that was performed in two sessions, one for each quality of
wine, and was evaluated by 11 panelists (9 men and 2 women, between
30 and 55 years old) composed of enologists from the stable enological
team of Concha y Toro winery, with each member having more than a
decade of expertise in sensory evaluation. Prior to the tasting sessions,
the most relevant descriptors (16) were chosen from the available
literature [17-21] in the context of the commercial quality of these
wines (Supplementary Table 2).

The sensory evaluation was performed using the Rate-All-That-Apply
(RATA) methodology [22,23], with 1 replicate to assess repeatability of
panelists, scoring the wines within a structured numerical scale of 0 to 5
for sensory descriptors in a non-editable form. Sensory evaluations were
conducted following ISO Standard Methods (ISO 8586:2023) at the
Center for Research and Innovation of Vina Concha y Toro, ensuring that
all conditions were meticulously controlled. Panelists were served with
50 mL of the wines in ISO 3591:1977 testing glasses in a random order
and instructed to hold and swish each sample in their mouths for 10 to
15 s before to spit it. Afterwards, they were asked to cleanse their palate
with water, eat an unsalted cracker, cleanse their palate again with
water and take a three-minute break between samples. In addition to the
above, a 30-minute break was taken between tasting sessions to avoid
fatigue.

Table 2
Molecular weight distribution.
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2.4. Statistical analysis

A factorial design was implemented with two wine qualities (low-tier
and premium-tier wines) and five CMPs treatments (CMP1, CMP2,
CMP3, CMP4, CMP5) plus a control. The statistical analysis aimed to
answer the specific questions: (i) Are there differences or similarities in
physico-chemical composition and MW among CMPs? (ii) Does a one-
week contact with CMPs impact red wine filterability? iii) Does the ef-
fect of CMPs on wine sensory descriptors depend on initial wine quality
(i.e., is there a significant interaction)? If an interaction is present, how
do the effects of different CMPs differ across wine quality levels, and
which CMPs enhance those descriptors compared to the control within
each wine quality category? If no interaction is detected, which CMPs
enhance these descriptors compared to the control? Finally, are those
observed sensory enhancements linked to the specific physico-chemical
profiles of the CMPs? One Way ANOVA, Two-Way ANOVA, and Duncan
post-hoc tests, were used for assess these questions. Statistical differ-
ences were defined at p-value <0.05. Effect sizes were calculated as
partial eta squared (ng), using the ratio of the sum of squares for the
effect divided to the sum of squares for the effect plus the sum of squares
error (SS_effect / (SS_effect + SS_error)), and expressed as a percentage.
IBM SPSS Statistics® and R-studio® were used for statistical processing
and visualization.

3. Results
3.1. Molecular weight distribution of commercial mannoproteins

The analysis of the MW distribution by HPLC-RID highlighted the
great diversity of CMPs, particularly in terms of MW ranges and their
relative proportions. Four distinct groups of MW ranges were identified,
as determined from the elution time at approximately 14.5 min (peak 1),
15.4 min (peak 2), 16.1 min (peak 3) and 17.6-19.6 min (peak 4)
(Supplementary Fig. 1). The first three groups corresponded to poly-
saccharides with high (90.6-130.3 kDa), medium (39.3-43.7 kDa) and
low (20.3-25.5 kDa) molecular weights, while the fourth group corre-
sponded to the oligosaccharide fraction (< 5 kDa). Notably, high MW
polysaccharides were only detected in CMP1 (90.6 kDa) and CMP5
(130.3 kDa), which accounted for 34.0% and 32.7% of their respective
overall MW distribution. Medium MW polysaccharides, on the other
hand, were found exclusively in CMP1 (43.7 kDa), CMP4 (43.3 kDa) and
CMPS5 (39.3 kDa), contributing 35.6%, 66.9% and 28.8% to their overall
MW distribution, respectively. However, low MW polysaccharides were
only present in CMP2 (25.5 kDa) and CMP3 (20.3 kDa), accounting for
91.2% and 20.8% of their respective overall MW distribution. Finally,
the oligosaccharide fraction was observed in all CMPs, with contribu-
tions to their overall MW distribution of 30.3% in CMP1, 8.8% in CMP2,
79.2% in CMP3, 33.1% in CMP4 and 38.4% in CMP5 (Table 2).

3.2. Purity and composition of polysaccharides

The purity of the CMPs (Table 3) was determined by calculating the
total polysaccharide content in relation to the weight of the product
analyzed, as proposed by Canalejo [24]. The highest purity was

CMPs* Oligosaccharide fraction (%) LMW PS (%)* MMW PS (%) HMW PS (%)"

CMP1 30.3 + 0.3d (<5 kDa) n.d. 35.6 + 0.4b (43.7 kDa) 34 + 0.8a (90.6 kDa)
CMP2 8.8 £ 0.0e (<5 kDa) 91.2 £ 0.0a (25.5 kDa) n.d. n.d.

CMP3 79.2 4+ 1.8a (<5 kDa) 20.8 + 1.8b (20.3 kDa) n.d. n.d.

CMP4 33.1 & 0.0c (<5 kDa) n.d. 66.9 + 0.0a (43.3 kDa) n.d.

CMP5 38.4 + 0.2b (<5 kDa) n.d. 28.8 £ 0.3c (39.3 kDa) 32.9 £+ 0.5b (130.3 kDa)

a

n.d.: not detected, CMPs: commercial mannoproteins; LMW PS: low molecular weight polysaccharides; MMW PS: low molecular weight polysaccharides; HMW PS:

high molecular weight polysaccharides. Different letters within the same column indicate statistically significant differences between rows (p < 0.05).
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Table 3
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Polysaccharide purity and polysaccharide composition of commercial mannoproteins.

CMPs"” Polysaccharide purity (%) Polysaccharide composition (%)

RG-II" MPs* PRAG" HG" GPs”
CMP1 62.0 + 2.3b n.d. 82.9 + 0.6b n.d. n.d. 17.1 4+ 0.6b
CMP2 25.3 + 0.5d n.d. 95.0 + 0.0a n.d. n.d. 5.0 & 0.0c
CMP3 29.3 +1.8d n.d. 65.7 + 3.2¢ n.d. n.d. 34.3 +3.2a
CMP4 55.3 + 1.4c n.d. 79.13 + 0.8b n.d. n.d. 20.9 + 0.8b
CMP5 70.0 + 3.4a n.d. 48.0 + 2.1d 46.0 + 2.4 n.d. 6.0 + 0.6¢

a

n.d.: not detected, CMPs: commercial mannoproteins; RG-II: rhamnogalacturonan-II; MPs: mannoproteins; PRAG: polysaccharides rich in arabinose and galactose,

HG: homogalacturonans; GPs: glucosyl polysaccharides. Different letters within the same column indicate statistically significant differences between rows (p < 0.05).

observed in CMP5 (70.0%), while CMP2 and CMP3 showed the lowest
purities (25.3% and 29.3%, respectively), with no differences between
them. Intermediate purity levels were found in CMP1 and CMP4 (62.0%
and 55.3%, respectively). However, when considering the composition
of total polysaccharides, different trends emerged (Table 3). In the case
of the percentage of MPs within the total polysaccharide concentration,
CMP5 had the lowest percentage of MPs (48.0%), while CMP2 had the
highest (95.0%). On the other hand, CMP4 and CMP1 showed inter-
mediate percentages of MPs (82.9% and 79.13%, respectively), with no
differences between them, followed further down by CMP3 (65.7%).
Regarding the percentage of glucosyl polysaccharides (GPs), CMP3
presented the highest value (34.3%), while CMP2 and CMP5 showed the
lowest values (5.0% and 6.0%, respectively), with no differences be-
tween them. Intermediate levels of GPs were found again in CMP1 and
CMP4 (17.1% and 20.9%, respectively), with no differences between
them.

It should be noted that rhamnogalacturonan type II (RG-II) poly-
saccharides were not detected in any of the CMPs. This was expected,
since RG-II is not produced by yeast, but can be extracted from grape cell
walls as part of the pectin fractions. In grapes, these fractions could also
include polysaccharides rich in arabinose and galactose (PRAG) and
homogalacturonans (HG) [25]. Surprisingly, within the CMPs, CMP5
was the only one in which polysaccharide families other than MPs and
GPs were identified, and in considerable amounts. In particular, PRAG
accounted for almost half (46.0%) of its total polysaccharide content.
These results provided evidence that CMP5 was intentionally designed
to incorporate polysaccharides other than those produced by yeasts,
such as arabic gum.

3.3. Monosaccharide composition

The detailed GC-MS analysis of the monosaccharides constituting
the carbohydrates of the CMPs confirmed that, as expected, they were
composed solely of mannose and glucose, except for CMP5 (Table 4). In
particular, CMP5 showed an important presence of galactose, arabinose,
rhamnose and glucuronic acid, a monosaccharide profile characteristic
of the polysaccharides of gum arabic, an additive authorized for
enological purposes (in most countries) and derived from Acacia senegal
or Acacia seyal trees [26,27].

On the other hand, the mannose-to-glucose ratio (M/G) of the CMPs
showed considerable variation (Table 4). This indicates significant

Table 4
Monosaccharide composition of carbohydrates in commercial mannoproteins.

structural diversity within their MPs polysaccharides or possible dif-
ferences in purification levels from yeast cell wall $-glucans in the case
of very low M/G. Specifically, CMP2 showed the highest M/G (15.3),
which was more than ten times higher than CMP3, which had the lowest
M/G (1.6). Intermediate M/G values were observed for CMP5 (6.5),
followed by CMP1 (3.9) and CMP4 (3.1), with no differences between
these last two.

3.4. Global differences in molecular weight distribution and physico-
chemical composition

The differences observed in the MW and chemical composition the
CMPs of the present work could be explained by variations in their
production processes [4,5], as well as their intentional design, as shown
by the results (Tables 2, 3 and 4). Unfortunately, the labels or technical
data sheets of CMPs provide little or no information on these aspects,
which makes it difficult to accurately dose these products according to
their characteristics and specific application. In this context, the rec-
ommended doses of the CMPs for the present study vary widely among
producers (min: 4.0 g/hL, max: 23.0 g/hL and average: 11.8 g/hL)
(Table 5). However, despite this variation, the actual amount of poly-
saccharides added (calculated from dose and purity) to the wines
remained relatively low and quite similar (min: 2.2 g/hL, max: 6.7 g/hL,
mean: 4.3 g/hL) (Table 5). These amounts were below the high doses
typically used during the aging of red wines, as well as those employed

Table 5
Actual amount of polysaccharides added from commercial mannoproteins ac-
cording to its recommended commercial dose.

CMPs" Dose added (g/ Amount of polysaccharides actually added to wines
hL) (g/hL)

CMP1 4.0 2.5+ 0.1d

cMp2”  21.0 5.3+ 0.1b

CMP3 23.0 6.7 £ 0.1a

CMP4 4.0 2.2+ 0.1d

CMP5 7.0 4.9 +£0.1b

Mean 11.8 £ 9.4 43+1.9

Different letters within the same column indicate statistically significant dif-
ferences between rows (p < 0.05).

# Commercial mannoproteins.

Y Liquid formulation.

CMPs" Arab.” (mg/L) Rham.” (mg/L) Xyl.” (mg/L) Man.” (mg/L) Galac.” (mg/L) Gluc. Ac.” (mg/L) Gluc.” (mg/L) M/G" M/TMC" (%)
CMP1 n.d. n.d. 0.8 +£ 0.1b 411.2 £ 15.7a n.d. n.d. 105.1 + 5.5a 3.9+ 0.2¢ 66.3 + 0.5b
CMP2 n.d. n.d. 0.1 £+ 0.0b 192.6 + 4.1d n.d. n.d. 12.6 £ 0.3c 15.3 £ 0.1a 76.0 £ 0.0a
CMP3 n.d. n.d. n.d. 153.8 + 4.4e n.d. n.d. 100.9 + 15.3a 1.6 + 0.3d 52.6 + 2.6¢
CMP4 n.d. n.d. 0.3 + 0.0b 349.8 + 10.9b n.d. n.d. 114.9 + 4.5a 3.1 +£0.2¢ 63.3 + 0.7b
CMP5 29.4 + 3.5 6.2+ 0.7 11.2+1.9a 268.7 + 1.0c 220.3 + 22 95+1.5 41.7 + 3.8b 6.5 + 0.6b 37.9 +£1.7d

a

n.d.: not detected, CMPs: commercial mannoproteins, Arab.: arabinose; Rham.: rhamnose, Xyl.: xylose; Man.: mannose; Galac.: galactose; Gluc. Ac.: glucuronic

acid; Gluc.: glucose; M: mannose; G: glucose; M/G: mannose/glucose ratio; M/TMC: mannose/total monosaccharides from carbohydrates ratio. Different letters within
the same column indicate statistically significant differences between rows (p < 0.05).
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in related studies [7-10]. Notably, CMP2 and CMP3, which had the
lowest purity (Table 3) and presented only low MW polysaccharides
(Table 2), also had the highest recommended doses, leading to the
highest actual polysaccharide additions (5.3 g/hL and 6.7 g/hL,
respectively) (Table 5). In contrast, the lowest amounts of poly-
saccharides were added in CMP1 (2.5 g/hL) and CMP4 (2.2 g/hL), with
no differences between them, while CMP5 (4.9 g/hL) stood at an in-
termediate level (Table 5).

3.5. Filterability analysis

The results of the filterability test showed that, after one week of
contact, none of the CMPs increases the filterability index (FI) compared
to the control in both wine qualities, and all treatments were considered
filterable (FI < 20) [14], independent of the wine matrix. These findings
addressed concerns about potential filtration issues, as adding some
combination of colloids (as MPs with gum arabic) could increases the FI
to levels that difficult the filterability (FI > 20) or make filtration
impractical (FI > 50) [28], which may involve a substantial alteration of
the operating schedule and production costs. This is explained by a well-
documented fouling phenomenon where high-molecular-weight poly-
saccharides, such as gum arabic, could increase filtration resistance by
adsorbing to the filter surface and forming gel-like layers, promoting
pore blockage [29-31].

3.6. Sensory analysis

Among all the descriptors evaluated, only smoothness presented an
interaction between factors CMPs treatment and wine quality, indi-
cating that the effect of CMPs treatment was dependent on the wine
matrix (Supplementary Table 3). Indeed, when analyzing the effect of
CMPs treatment within each wine quality level, a significative difference
in smoothness was only observed in low-tier quality wines. Within this
quality, wines treated with CMP4 and CMP5 were perceived to be
smoother than other treatments, including the control (Fig. 1).

Within the remaining descriptors, only hotness and sweetness were

Mean smoothness score
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Mean hotness score

Fig. 2. Circular bar plot showing the main effect of commercial mannoproteins
(CMPs) on the perceived hotness of young red Cabernet Sauvignon wines,
evaluated using the RATA methodology. The values represent the average effect
across all wine quality levels, as CMPs showed a significant effect on hotness
without interaction with wine quality. Commercial mannoprotein treatment
levels are represented by red for Control, yellow for CMP1, green for CMP2,
cyan for CMP3, blue for CMP4, and pink for CMP5. Different letters indicate
statistically significant differences (p < 0.05).

affected solely by CMPs treatment (Supplementary Table 3), indicating
an independent effect not modulated by wine matrix for these de-
scriptors (Figs. 2 and 3). In particular, all the CMPs treatments reduced
the perception of hotness compared to the control (Fig. 2). As for
sweetness, the wines treated with CMP1, CMP4 and CMP5 showed a
greater perception of sweetness compared to the control, which did not
differ from CMP2, while CMP3 had an intermediate value, tending to be
more similar to the treatments that increased sweetness (Fig. 3).
Meanwhile, concentration, velvety astringency, and dry astringency
were influenced solely by wine quality (Supplementary Table 3), indi-
cating an independent effect not modulated by CMPs treatment for these
descriptors. Notably, premium-tier wines showed lower velvety astrin-
gency, higher dry astringency and higher concentration than low-tier
wines (Fig. 4), in accordance with the differences in the results of
basic analysis observed (Table 1).

Mean smoothness score

b)

Fig. 1. Circular bar plot showing the effect of commercial mannoproteins (CMPs) on the perceived smoothness of young red Cabernet Sauvignon wines, evaluated
using the RATA methodology. The values represent the effect of CMPs within each wine quality tier, as a significant interaction between CMPs and wine quality was
detected. Results are presented separately for a) low-tier wines (LTW) and b) premium-tier wines (PTW). Commercial mannoprotein treatment levels are represented
by red for Control, yellow for CMP1, green for CMP2, cyan for CMP3, blue for CMP4, and pink for CMP5. Different letters indicate statistically significant differences

(p < 0.05).
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Mean sweetness score

Fig. 3. Circular bar plot showing the main effect of commercial mannoproteins
(CMPs) on the perceived sweetness of young red Cabernet Sauvignon wines,
evaluated using the RATA methodology. The values represent the average effect
across all wine quality levels, as CMPs showed a significant effect on sweetness
without interaction with wine quality. Commercial mannoprotein treatment
levels are represented by red for Control, yellow for CMP1, green for CMP2,
cyan for CMP3, blue for CMP4, and pink for CMP5. Different letters indicate
statistically significant differences (p < 0.05).

Mean sensory descriptor score
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Fig. 4. Radar plot showing the main effect of wine quality on the perceived
sensory descriptors of concentrated, velvety astringency and drying astringency
in young red Cabernet Sauvignon wines, evaluated using the RATA methodology.
The values represent the average effect across all commercial mannoprotein
treatments (CMPs), including the control as wine quality exhibited a significant
effect on these variables without interaction with the CMPs. Wine quality levels
are represented by blue for Low-tier and red for Premium-tier wines. Different
letters indicate statistically significant differences (p < 0.05).

4. Discussion
4.1. Effect on smoothness

The effect of CMPs addition on wine smoothness (Fig. 1), observed
only in low-tier wines, can be explained by the inherent differences in
the physico-chemical composition and sensory astringency profile of the
two wine qualities (Table 1, Supplementary Table 4 and Fig. 4), given by
the difference in grape base qualities.

This matrix dependence observed is consistent with the lower overall
total polyphenol and flavanol load and the softer astringency of the low-
tier wine (lower flavan-3-ols/TPI and less “drying”), where CMPs can
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effectively compete with salivary proteins and/or form soluble aggre-
gates with flavanols, reducing friction and increasing perceived
smoothness [9,32]. In contrast, the higher flavanol load and more drying
astringency of the premium-tier wine likely maintain dominant salivary
protein—polyphenol interactions, limiting the sensory impact of CMPs.
Additionally, the low-tier matrix, showed a matrix with lower ethanol
and higher residual sugars that is expected to attenuate drying sensa-
tions and enhance body and sweetness cues, facilitating the perceptual
expression of other more subtle astringency sub qualities of as smooth-
ing induced by the addition of CMPs [33,34]. In premium-tier wines, on
the other hand, these differences may have led to a higher perception of
concentration, higher drying astringency and lower velvety astringency,
potentially masking the effect of CMPs on smoothness.

Thus, differences in wine matrix composition play a fundamental
role, as variations in the physico-chemical composition of red wines are
known to influence both their sensory properties and their response to
CMPs addition, particularly in relation to the polyphenol profile [35].
The complexity and dynamic nature of phenolic compounds in deter-
mining product quality is increasingly revealed by advanced analytical
techniques, as demonstrated in other fermented systems [36].

In addition to wine matrix effects, the role of CMP remains critical
determinants of thee observed sensory responses (Fig. 4). In this sense,
the effects of CMPs on the smoothness of low-tier wines are aligned with
the conclusions of Manjon [7], who suggests that larger polysaccharide
biomolecules have a greater impact on modulating astringency, and that
less purified CMPs in terms of mannose content, may be more effective
in reducing it. This structure-function relationship is a fundamental
principle in polysaccharide science, as demonstrated in other fields
where the specific molecular weight and structural features of a poly-
saccharide are directly linked to its functional efficacy [37]. However,
unlike the aforementioned work, which observed an effect on astrin-
gency in broad terms, the present study observed an effect of CMPs on
wine smoothness, which represent the “surface smoothness” sub-quality
of astringency that is defined as “textures felt on mouth surfaces when
the different surfaces come in contact with each other” [21], associated
with a soft and delicate feeling that correlate with a lower astringency
intensity [38]. The difference was likely attributable to the much lower
dose used in the present study (min: 4.0 g/hL, max: 23.0 g/hL, mean:
11.8 g/hL) (Table 5) compared to the work of Manjoén [7] (2 g/L).
Anyways, the subtle impact on mouthfeel quality in terms of smoothness
aligned with the desired outcome, as the goal of adding CMPs prior to
bottling is to refine, rather than drastically alter, the sensory profile of
wines. Moreover, maintaining low pre-bottling doses is essential from an
industrial point of view, as excessive mannoprotein concentrations from
exogenous applications have been associated with colloidal and color
instability in red wines through the precipitation of man-
noprotein—-polyphenol complexes, resulting in pigment loss and reduced
stable color composition [1]. Such instabilities may also entail economic
losses for wineries [39].

In line with the later, the results of the present study showed that
CMPs with medium to high MW polysaccharides and a medium to low
M/G of 3.1-6.5, such as CMP4 and CMP5, were indeed effective in
enhancing the perception of wine smoothness in low-tier wines.

Interestingly, CMP4, which presented exclusively polysaccharides of
medium MW, was as effective as CMP5 in enhancing smoothness, which
contained both high and medium MW polysaccharides fractions (Fig. 1
and Table 2). Notably, this comparable effect was achieved with almost
half the commercial dose (4.0 g/hL for CMP4 vs. 7.0 g/hL for CMP5) and
a correspondingly lower total amount of polysaccharides added (2.2 g/
hL for CMP4 vs. 4.9 g/hL for CMP5) (Table 5). An important factor to be
considered here is the percentage composition of the molecular weights
of the polysaccharides in the CMPs, where CMP4 presented a higher
relative composition of medium MW polysaccharides (66.3% of 43.3
kDa), while CMP5 showed a lower relative composition (28.9% of 39.3
kDa), and a lower proportion of MPs in the total polysaccharide
composition (79.1% in MP4 vs. 48.0% in MP5) (Tables 2 and 3). This



C. Galaz-Torres et al.

difference suggested that the greater relative presence of medium MW
polysaccharides in CMP4, along with its higher proportion of MPs in the
total polysaccharide composition, may play a key role in modulating
wine smoothness. This could reduce the need for higher doses and
indicate that the high MW fractions in MP5 may not be essential for
enhancing smoothness. Meanwhile, CMP1, although similar to CMP4 in
terms of overall composition, differed in its MW distribution profile,
presenting a high MW polysaccharide fraction (34% of 90.6 kDa) and a
lower proportion of medium MW polysaccharide fraction with respect to
CMP4 (35.6% of 43.7 kDa for CMP1 vs 66.9% of 43.4 kDa for CMP4),
with no differences in the proportion of MPs in the total polysaccharide
composition (79.1% in CMP4 vs. 82.9% in CMP1) (Tables 2 and 3). Even
when applied at the same commercial dose as for CMP4 (4.0 g/hL) and
with non-different total amount of polysaccharides added to the wine
(2.5 g/hL for CMP1 vs. 2.2 g/hL for CMP4) (Table 5), CMP1 had no
effect on smoothness. This could be explained by the lower percentage of
medium MW polysaccharides in CMP1 compared to CMP4, highlighting
the importance of factors such as the applied dose, polysaccharide pu-
rity, and the MW distribution of MPs. Specifically, the high presence of
medium molecular MW, as in the case of CMP4, could play a crucial role
in the effectiveness of CMPs in modulating smoothness in wines with
physicochemical and sensory characteristics similar to those of low-tier
wines.

4.2. Effect on hotness

The hotness-reducing properties showed by all the CMPs (Fig. 2)
agreed with previous findings [10,18] and extended them beyond the
scope of model wine solutions and white wines. This study demonstrated
that not only polysaccharides in the general (mixture of grape and yeast
polysaccharides) in a range of 13-93 kDa [18] (Supplementary Table 1),
but indeed those derived exclusively from yeast in a range of 20.8-90.6
kDa (MP1, MP2, MP3, and MP4) are capable of effectively reducing
hotness in real red wine samples, regardless of their wine matrix and
with a low total polysaccharide addition (min: 2.2 g/hL, max: 6.7 g/hL
and average: 4.2 g/hL) given by commercial doses (min: 4.0 g/hL, max:
23.0 g/hL and average: 13.0 g/hL) (Table 5). This effect, although
subtle, was again the desired modulation for this type of treatment.

4.3. Effect on sweetness

The impact of CMPs on wine sweetness (Fig. 3), regardless of wine
quality, appeared to be driven by their oligosaccharide fraction rather
than their polysaccharide fraction, as highly polymerized carbohydrates
are not associated with sweetness perception [40,41]. Consistently,
CMP2 was the only CMP that did not show an enhancement of sweetness
and also had a substantially lower percentage of oligosaccharide fraction
in its composition than the others CMPs (8.8% in CMP2 vs. 30.3-70.2%
in the other CMPs).

In this context, previous research indicates that, in general terms, the
effect of oligosaccharides on sweetness could be influenced by several
factors, including the matrix in which they are incorporated, concen-
tration, type of oligosaccharide, chemical linkage and most notably their
chain length, with shorter chains exhibiting a higher sweetness potential
[42,43]. However, the mechanisms underlying the perception of
sweetness induced by oligosaccharides remain unclear, and different
mechanisms have been reported to explain it, as: 1) the enzymatic
degradation of oligosaccharides into shorter chains and mono-
saccharides, and 2) interaction of oligosaccharides with specific re-
ceptors different than the known human sweet taste receptors hT1R2/
hT1R3 (which might explain the sweetness perception even at low
concentrations) [42,43].

Expanding on the current understanding of these possible mecha-
nisms, recent work shows that subtle structural features of oligosac-
charides  strongly influence their taste. For example,
glucooligosaccharides with higher levels of «-1,6 glycosidic linkage
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proportion were reported to taste “sweeter” via the canonical sweet
receptor [44]. Whereas, certain galactooligosaccharides and xylooligo-
saccharides remain detectable even when this receptor is blocked [45].
These findings imply that multiple mechanisms may underlie the
perception of sweetness from different oligosaccharides. Future studies
should therefore test well-defined yeast-derived oligosaccharide frac-
tions of varying chain length and linkage type in human sensory, inte-
grating the salivary/lingual enzyme activity.

In particular, the effect of CMPs addition on sweetness aligned with
the findings of Pérez-Magarino [46], who reported that the addition of
wine-purified polysaccharides (WPP) and commercial inactive yeast
(CIY), highly rich in low-molecular-weight polysaccharides (5-30 kDa)
and oligosaccharide fraction, enhances the perception of sweetness in
Albillo and Verdejo white wines. These extracts where added after
completion of alcoholic fermentation and with comparable doses to the
present study (10-20 g/hL), although they were subjected to a longer
contact period of two months, with periodic lees stirring, before filtra-
tion and bottling. Unlike WPP, CIY was composed entirely of yeast-
derived carbohydrates and mainly by oligosaccharide fraction (68.4%
of 5 < kDa and 31.6% of >30 kDa), suggesting that not only the oligo-
saccharide fraction in general, but specifically if derived from yeast may
play a crucial role in enhancing the perception of sweetness in wine,
even when applied at low doses through CMPs, as showed also in the
present work that extend the findings of Pérez-Magarino [46] in white
wines to red wines.

Furthermore, it is plausible that the <5 kDa fraction also contains
sweet sapid peptides such as those found in autolyzed yeast fractions of
0.1 to 3.0 kDa, which have been shown to enhance the sweetness of red
wine when added to it [41], providing further evidence that supports the
contribution of yeast-derived <5 kDa fraction and expands upon the
previous discussion. The role of protein-polysaccharide complexes in
modulating sensory properties is also evidenced in other food systems,
such as the use of myofibrillar protein/sodium alginate complexes to
improve the physicochemical and sensory properties [47].

However, further research should focus on clarify the specific role of
yeast-derived <5 kDa fraction induced by CMPs in red wine, particularly
considering the potential contribution of different compounds within it
to the perception of sweetness in red wine. Advanced data-driven ap-
proaches, such as the machine learning techniques successfully used to
optimize or predict flavor-Mouthfeel profiles in wines and other fer-
mented beverages [48,49], could be pivotal in elucidating the complex
interactions between different compounds within this fraction and the
wine matrix.

4.4. Conformity of commercial mannoproteins with the requirements of
OIV resolution OENO 26/2004

Considering the OIV Resolution OENO 26,/2004, as mentioned in the
Introduction, only CMP1 and CMP5 exceeded the minimum poly-
saccharide concentration required by the regulation in terms of poly-
saccharide purity (>600 g/kg), with CMP1 and CMP4 showing a closely
comparable value (553 + 14 g/kg) (Table 3). However, when consid-
ering the mannose content of the carbohydrate fraction (>70%), only
CMP2 achieved this minimum requirement, while CMP1 and CMP4
again exhibited values close to the regulatory threshold (66.3 + 0.5%
and 63.3 + 0.7%, respectively) (Table 4). Consequently, none of the
commercial mannoproteins evaluated in this study simultaneously
complied with the compositional requirements established by OIV
Resolution OENO 26/2004. In the case of CMP2, this result can be
explained by its liquid formulation, whereas the lack of compliance
observed for CMP5 is attributable to its high content of polysaccharides
of non-yeast origin, resulting in a lower relative mannose proportion.
For the remaining preparations (CMP1, CMP3, and CMP4), a higher
degree of product refinement would be required, as a cleaner extraction
with a lower proportion of cell wall p-glucans relative to mannoproteins
could increase both basic compositional indices required by the
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resolution.

Such variability could partly explain the heterogeneity observed in
the recommended dosage ranges among commercial products. These
deviations may have consequences for the enologist when predicting
technological performance and underscore the need for complementary
information on polysaccharide molecular weight distribution, poly-
saccharide composition and the presence of non-yeast polysaccharides,
together with other parameters as the ratio between mannose and
glucose (Tables 2-4), to guide dosage decisions in accordance with
enological objectives.

5. Conclusions

This study reveals for the first time the conditions in which com-
mercial mannoproteins (CMPs), selected exclusively for their addition
prior to filtration and bottling, can modulate simultaneously key sensory
attributes such as smoothness, hotness, and sweetness in young Cabernet
Sauvignon red wines.

In particular, it demonstrates that the capacity of CMPs to enhance
smoothness depends on the intrinsic quality of the wine. CMPs increased
smoothness only in the low-tier wine, which exhibited lower drying
astringency, higher velvety astringency, and lower concentration
compared to the premium wine; this effect was only observed with CMPs
rich in medium molecular weight (MW) polysaccharides (CMP4 and
CMP5). In contrast, the modulation of hotness and sweetness was in-
dependent of wine quality. Specifically, hotness decreased regardless of
the CMPs used, whereas an enhancement of sweetness was observed
when CMPs with a high percentage of oligosaccharide fraction were
added (CMP1, CMP3, CMP4, and CMP5).

Given these findings, the research highlights the urgent need to
improve labeling standards for CMPs, providing more detailed infor-
mation about their physicochemical characteristics and purity. As
demonstrated in this study, the analytical parameters of commercial
mannoproteins obtained using standard and widely applied methodol-
ogies for the characterization of wine polysaccharides and their con-
stituent monosaccharides [16] proved to be useful for assessing their
enological behavior when added before bottling in young red wines. In
particular, total polysaccharide concentration, molecular weight distri-
bution M/G provide objective criteria to interpret and differentiate
CMPs with distinct effects on wine sensory-related attributes, including
hotness, sweetness, and smoothness. By linking these physico-chemical
parameters to specific sensory responses observed in this study, the
applied analytical approach allows enologists to select CMPs more
consistently according to targeted sensory outcomes, rather than relying
solely on commercial denomination or generic product claims. More-
over, the identification of polysaccharide families different from those
typically expected in yeasts, such as gum arabic in CMPs (CMP5), re-
quires attention, especially if their addition is not intended, as it may
raise concerns in markets with specific regulations on enological
additives.

Therefore, in addition to the OIV minimums for CMPs (poly-
saccharide concentration > 600 mg/L and mannose >70%) [3], mo-
lecular weight distribution and the mannose-to-glucose ratio (M/G)
should be included as additional minimum parameters to enable enol-
ogists to make informed decisions, while the presence of polysaccharides
not exclusively derived from yeast mannoproteins should also be clearly
declared.

From a practical enological perspective of this study, the results
indicate that the ideal characteristics sought in CMPs for their addition
before the final filtration and bottling of young Cabernet Sauvignon red
wines were best represented by CMP4. These features can be outlined as
follows: (1) high polysaccharide purity (> 55.3%), (2) a high proportion
of MPs within the polysaccharide fraction (> 79.1%), with no evidence
of polysaccharide families other than those derived from yeast, (3) a
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predominance of medium MW polysaccharides (~66% of ~43.3 kDa
polysaccharides), (4) a certain proportion of oligosaccharide fraction (~
33%), (5) a medium-low M/G (~ 3.1), and (6) no signs of filtration is-
sues after one week of contact (FI < 20).

Future research should focus on understanding how the dosage of
specific MW MPs, such as CMP4, affects particular wines before bottling.
This should include an assessment of their impact on color stability and
sensory perception to maximize their positive contribution to wine
quality.
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Supplementary table 1. Enological properties linked to specific mannoprotein

characteristics.
) Characteristic of ) Studied
Properties Specific effect Source
MP at
Inhibition of tartrate
o 30-50 kDa Improve tartaric stability WWw Caridi, 2006
salt crystallization
Interaction with flor Velum formation and surface Alexandre et al.,
) 49 kDa o FW
wines hydrophobicity 2000
Decreasing the particle size of the
420 kDa WW  Waters et al., 1994
haze
Prevention of Haze
Enzymatic Heat-stability in the presence of WW Moine-Ledoux and
extracted 31.8 kDa them Dubourdieu, 1999
Mild thermal ) )
) ) Contribute to foam quality and
Improving foaming extracted 10-21.5 » SW  Nuilez et al., 2006
D stability
a

Mouthfeel and taste PS fraction of 13— Reduction of palate hotness and

. . . . . . WW  Gaweletal., 2016
improving 93kDa? increase of viscosity at higher pH

Stabilization of proanthocyanidin

19-44 KDa chains with a MW between 8 and

Rodrigues et al.,
o 2012
Tannin precipitation 8- 164KDa Enlarge of proanthocyanidin
chains until precipitation
) o Guadalupe et al.,
~110 kDa Reduction of proanthocyanidins ~ RW
2010
30.71-57.77 kDa Enhance color stability RW  Dong et al., 2024
Color stability
. Guadalupe et al.,
~110 kDa Possible, stable color loss RW

2010

? PS: polysaccharide; Polysaccharide contains both grape and yeast polysaccharides.

>WW: White wine; FW: Flor wine; SW: Sparkling wine; RW: Red wine.



Supplementary table 2. Sensory descriptors and quality attributes selected for sensory

analysis.
N° Sensory descriptor
1 Body
2 Oiliness
3 Velvety astringency
4 Drying astringency
5 Hotness
6 Sweetness
7 Bitterness
8 Red fruit
9 Persistent
10 Smoothness
11 Concentrated
12 Complexity
13 Structured
14 Yeasty
15 Balanced
16 Round




Supplementary table 3. Factorial ANOVA Results: Significance levels and effect sizes

for factors and interaction studied, including panelist blocking.

Wine quality CMPs Wine quality XCMPs Panelist
Descriptor
p-value  np* (%) p-value M2 (%) p-value  mp? (%) p-value  n,? (%)
Body 0.848 ns 0.03 0.191 ns 5.40 0.397 ns 3.80 0.001 ** 19.80
Oiliness 0.615 ns 0.19 0.085 ns 7.00 0.629 ns 2.60 <0.001***  27.80
Velvety astringency 0.042 * 3.09 0.424 ns 3.60 0.491 ns 3.30 <0.001*** 2770
Drying astringency 0.004 ** 6.26 0.309 ns 4.40 0.085 ns 7.00 <0.001%**  21.30
Hotnesss 0.197 ns 1.26 0.008 **  11.10 0.507 ns 3.20 <0.001***  25.00
Sweetness 0.473 ns 0.39 0.005 **  11.70 0.831 ns 1.60 <0.001***  27.10
Bitterness 0.443 ns 0.45 0.992 ns 0.40 0.653 ns 2.40 <0.001%**  22.90
Red fruit 0.369 ns 0.61 0.653 ns 2.40 0.405 ns 3.70 <0.001%*%*  27.40
Persistent 0.826 ns 0.04 0.238 ns 4.90 0.640 ns 2.50 <0.001%**  24.80
Smoothness 0.054 ns 2.79 0.012 * 10.40 <0.001%** 15.30 <0.001%** 2410
Concentrated 0.044 * 3.03 0.163 ns 5.70 0.085 ns 7.00 0.006 ** 16.70
Complexity 0.914 ns 0.01 0.178 ns 5.60 0.415 ns 3.70 <0.001**%*  25.00
Structured 0.202 ns 1.23 0.135 ns 6.10 0.523 ns 3.10 0.006 ** 16.50
Yeasty 0.204 ns 1.22 0.657 ns 2.40 0.657 ns 2.40 <0.001%** 2220
Balanced 0.840 ns 0.03 0.659 ns 2.40 0.632 ns 2.50 <0.001%*%*  21.50
Round 0.132 ns 1.71 0.496 ns 3.20 0.080 ns 7.10 <0.001*%**  26.70
Significant codes: ns p > 0.05, * p <0.05, ** p <0.01, *** p <0.001.
Bold descriptors indicate a significant effect or interaction for factors studied.
Mo’ (%): Is the proportion of variance explained by the factor or interaction, after accounting
for variance explained by all other effects in the model i.e. effect size (partial eta squared)
Peak 4
10000 -
Peak 2
Peak
7500+ Commercial
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CMP1
= CMP2
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Supplementary figure 1. Chromatogram HPSEC-RID of the different commercial.

Line colors: red: Mannoprotein CMPI1, yellow: Mannoprotein CMP2, green:

Mannoprotein CMP3, blue: Mannoprotein CMP4, and purple: Mannoprotein CMPS5.



Supplementary table 4. Composition of phenolic families

Compound (mg/L) Low-tier wine Premium-tier wine
Hydroxycinnamic acids 65.01+7.75b 92.75+10.2a
Hydroxybenzoic acids 52.75+3.38D 104 +12.02a
Stilbenes 374+ 0.70 a 2.93+033a
Flavonols 323+4.57a 19.55+2.25b
Flavan-3-ols 64+£632b 102+ 13.13 a
Anthocyanins 285+2.24a 205+30.34b

Different letters in the same row indicate statistically significant differences between columns (p < 0.05).
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