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Abstract  

Background During winemaking, after extraction from the skins, anthocyanins and 

tannins adsorb onto the pulp flesh cell walls. This study aims to quantify the amounts adsorbed 

and their impact on wine composition, the impact of variety and ethanol on adsorption, and 

whether the presence of anthocyanins plays a role and impacts tannin adsorption. 

Results Anthocyanin and tannin fractions obtained by mimicking winemaking conditions were 

mixed with fresh flesh cell walls of two varieties: Carignan and Grenache. Adsorption isotherms 

were measured. Adsorption of tannins was higher with Carignan than with Grenache and 

decreased when the ethanol content increased. In comparison, anthocyanins were adsorbed in 

small amounts, and their mixing with tannins had no impact on their adsorption. The differences 

were related to differences in pulp cell wall composition, particularly in terms of extensins and 

arabinans. 

Conclusion Adsorption of tannins, which can reach 50% of the initial amount, depends on the 

pulp cell wall composition. This needs to be further investigated. 

 

Keywords: pulp cell walls, adsorption isotherms, interactions, anthocyanins, tannins, 

Comprehensive Microarray Polymer Profiling 
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1- Introduction 

During the red winemaking process, the diffusion of anthocyanins and tannins (or 

proanthocyanidins (PAs)) is crucial to ensure the expected organoleptic properties of the wine 

(color, bitterness, astringency…). Previous studies have shown that there is no direct 

relationship between the phenolic composition in grapes and the corresponding wines1–3, 

whether the phenolic diffusion from grapes was done in a model system or real winemaking 

conditions.  

This is explained by their partial extraction from grape skins and seeds 1–5, as well as by 

various processes that take place once these compounds are extracted into the liquid phase: they 

can chemically react and form new molecules 6,7, which have different properties than their 

precursors, interact with yeast insoluble compounds and/or soluble metabolites 8,9, interact with 

grapes soluble compounds (polysaccharides, proteins) extracted during maceration 10, and 

finally interact with the grapes insoluble cell wall debris suspended in the medium throughout 

the winemaking process11. Most of the studies have focused on the interaction between tannin 

and cell wall polysaccharides through adsorption experiments using purified cell walls and 

proanthocyanidins either extracted from grape skins or seeds 10–13. However, purification and 

drying procedures may affect the tri-dimensional structure of the network and the accessibility 

to interaction sites. 

In a previous paper 5, we highlighted the impact of the grape variety and sugar content 

on the extractability of polyphenols during a model maceration of skins, without the flesh. This 

was attributed to several differences in the composition of the skin: the anthocyanins present in 

Grenache and Carignan are different (higher p-coumaroylated anthocyanins in Carignan), and 

diffuse differently; the composition of skin cell walls is different (the cell walls of Carignan are 

richer in extensins, and those of Grenache are richer in specific hemicelluloses 
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(glucans/xyloglucans). On the whole, between 15 and 25% of the tannins and between 16 and 

45 % of the anthocyanins were extracted from skins (diffusion minus losses).  

In this study, our objective was to investigate the effect of grape variety and sugar content in 

the berries on the structural composition (polysaccharides, proteins) of flesh cell walls and 

therefore on their interactions with anthocyanins and tannins.  

Indeed, changes in skin/pulp cell wall composition occur during berry ripening, leading to a 

loosening of cell walls and fruit softening. Among these changes, a decrease of pectins, related 

to their solubilization, has been evidenced14,15. These structural modifications have been 

hypothesized to induce changes in skin cell wall structure (porosity, accessibility to interaction 

sites) and rigidity that may modulate tannin 16 or anthocyanin extraction 17. It has also been 

suggested that anthocyanin may influence tannin extraction/solubility and that high 

anthocyanin/tannin ratios induce higher tannin concentration in wines, regardless of the initial 

tannin concentration in fruits 18. 

The choice was made to work with the fresh water-insoluble materials of the flesh (fresh FWIM, 

mainly cell walls), recovered after extensive washing with an aqueous buffer. To this end, the 

fresh flesh cell walls of the two different grape varieties, Carignan and Grenache, were 

recovered from berries at two different ripeness. Interactions were studied in model solutions 

at 0 and 15% ethanol through adsorption isotherms, using anthocyanins and tannin fractions 

extracted from Carignan skins in wine-like conditions. As the objective was to study the impact 

of fresh FWIM, the same polyphenol fractions were used for the two varieties. Anthocyanins 

and tannins were first studied separately, then mixed, to assess the competition between 

anthocyanins and tannins for binding sites. The composition of flesh cell walls was also 

determined to explain the observed differences. This was performed by means of compositional 

analysis of sugars and amino acids and Comprehensive Microarray Polymer Profiling 
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(CoMPP), a cell wall screening composition technique that characterizes the different families 

of parietal polysaccharides and glycoproteins 19. 

 

2- Materials and Methods 

2-1 Chemicals  

Acetonitrile, methanol, ethanol, chloroform, acetic acid, and formic acid were HPLC 

grade from VWR. Acetone was provided by Fluka. Sodium chloride, tartaric acid, epicatechin, 

epigallocatechin gallate, lithium chloride, N,N-dimethylformamide, and trifluoroacetic acid 

were provided by Sigma-Aldrich, sulphuric acid by Roth. Flavanol dimer B2, flavanol trimer 

C1 and Malvidin-3-O-Glucoside chloride were purchased from Extrasynthese (Genay, France). 

Ultra-pure water was obtained from a Milli-Q Advantage A10 system (Millipore). 

2-2 Grape sampling 

Two Vitis vinifera grape varieties (Carignan and Grenache), of the 2018 season, were 

harvested at average potential alcohol of 12 % vol. in the vineyard of the Pech Rouge 

experimental unit (UE-PR, INRAE, Gruissan, France). The berries were harvested at maturity 

and sorted according to their diameter (vol- for berries with a diameter of less than 1.4 cm, vol+ 

for berries with a larger diameter), and density as described before (deg- corresponds to berries 

having the lower content in sugar, whereas deg+ corresponds to berries with the higher content) 

5. The flesh was separated with a scalpel and immediately frozen in liquid nitrogen and stored 

at -80°C for later experiments and analysis of their composition. In this study, the focus was 

put on the vol+ modality (i.e. the berries having the larger size). The sugar concentrations  were 

193 ± 1 and 240 ± 2 gL-1 for Grenache deg- and deg +, respectively, whereas they were 176 ± 

6 and 212 ± 4 gL-1 for Carignan. 
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2-3 Biochemical analysis of alcohol insoluble flesh cell wall materials  

Frozen flesh (from 30 berries, triplicate) was ground in liquid nitrogen. The alcohol-insoluble 

solids (AISs) were isolated first using the same procedure as that described previously for skins 

for the analysis of neutral and acidic sugars and amino acids5 . Frozen pulps of each variety and 

modality (from 30 berries, triplicates) were ground in liquid nitrogen. The alcohol insoluble 

cell wall solids (AISs) were then isolated from the powders using the procedure described in 

Apolinar–Valiente et al. 20, with slight modifications. AISs were prepared in triplicate and 

analysed separately. Pulp powder (5 g) was suspended in 15 ml of boiling water for 5 min and 

homogenized. One part of the homogenized material was purified with two parts of 96% ethanol 

for 30 min at 40°C in an ultrasound bath. The alcohol insoluble solids (AIS) were separated by 

centrifugation and extracted again with 70% ethanol for 30 min at 40 °C. A sample from the 

liquid phase was taken for soluble sugar assay, done with the sulphuric phenol method. When 

no more sugar was detected, AISs were further washed twice with 96% ethanol and once with 

acetone. After being dried with an air flux overnight, they were weighed and used for the 

following analyses. The neutral sugar composition of the AISs was determined by gas 

chromatography after polysaccharide hydrolysis with 72% sulphuric acid at 100°C for 3h and 

conversion of neutral sugars into volatile alditol acetates21,22 . Inositol and allose were used as 

internal standards. The alditol acetates were quantified by gas chromatography with flame 

ionization detection (GC-FID) (GC 2010 Plus Shimadzu) using a DB225 (30 m × 0.25 mm ID, 

0.25 µm film) capillary column and hydrogen 5.6 B50 as the carrier gas. Calibration was done 

with commercial monosaccharides. Uronic acids were determined colorimetrically in triplicates 

by the m-hydroxydiphenyl method 23. The AISs were first submitted to pre-hydrolyse by the 

action of sulfuric acid, as described by Ahmed and Labavitch24. A calibration curve was built 

using pure galacturonic acid solutions (0 to 100 mg/L). The degree of methylesterification of 

uronic acids (DE) was measured by the saponification of the AIS pectins in the presence of 
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KOH, thus allowing the release of methanol. Methanol was converted to formaldehyde that was 

determined using the colorimetric method of Klavons and Bennet 25. Amino acids were 

analysed according to the following procedure: cell wall material (5 mg) was hydrolysed in 1 

mL of 6N HCl for 24 h at 120°C. Norleucine was added as an internal standard. After 

evaporation of the acidic aqueous solution under the air stream, samples were washed twice in 

water and then in 95% ethanol. Finally, samples were dissolved in a 0.2 M pH 2.2 lithium citrate 

loading buffer and filtered through a 0.22 µm filter (Millipore Millex-GV). Amino acids were 

quantified by ion-exchange chromatography with a Biochrom 30 amino acid analyzer 

(Biochrom, Cambridge, England), as described in Vicens et al. 14. 

2-4 Comprehensive Microarray Polymer Profiling (CoMPP) of flesh cell 

wall materials 

In the second series of experiments, the AIS (from 30 berries, triplicates) were isolated 

using the following procedure, as the optimal to the CoMPP technology 19,26,27. The frozen 

ground flesh (10 g) was incubated in 100% v/v absolute ethanol at 80°C for 15 min to deactivate 

endogenous enzymes. After centrifugation, the pellets were washed sequentially by a series of 

solvents (ethanol, methanol, chloroform, and acetone) using a stirring plate. Thereafter, the 

pellets were suspended in deionized water and freeze-dried to yield dry powders of flesh cell 

wall materials, which were used for structural composition analysis (CoMPP). 

Samples were sequentially extracted first with 50mM CDTA (cyclo-hexane-diamino-

tetra-acetic acid pH 7.5) and then with NaOH (4M) 28 to obtain the pectin and hemicellulose 

rich fractions. After centrifugation, the extracts from each fraction were printed onto a 

nitrocellulose membrane and then probed with a series of monoclonal antibodies (mAbs) and 

carbohydrate-binding modules (CBMs), which are listed in Supplementary Table 1. The raw 

data were normalized and converted into a heatmap for visualization. The relative abundance 
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of different polymers epitopes are displayed on a scale of 0–100, with a cut-off value of 5 on 

the raw data as described in reference 28. The values are means from three biological repeats 

and four dilutions. 

2-5 Extraction and purification of Polyphenols from grape skins  

Grape berries of Carignan were defrosted, then the skins were peeled with a scalpel and 

immersed in model wine-like solutions at 15% v/v ethanol containing 3 gL-1 tartaric acid, 50 

mM NaCl, sodium azide (0.02%), and 40 mgL-1 SO2 (to prevent the oxidation of phenolic 

compounds), the pH of which was adjusted at 3.5 with NaOH 1M. Flasks were placed under 

argon and gently stirred in dark at 20 °C for 3 days. The model solution was then filtered, 

centrifuged, and concentrated under vacuum at 40°C using a rotavapor (RII BUCHI) to 

eliminate the ethanol. The polyphenol extract was recovered in water and then deposited on a 

column filled with Fractogel Toyopearl HW-50F (bed volume 226 cm3) and connected to  a 

lab-scale chromatography system (Puriflash 430, Interchim) equipped with a UV detector. 

Phenolic compounds adsorbed on the colum. The column was first rinsed with two bed volumes 

of distilled water and trifluoroacetic acid (TFA, 0.05%) at a flow rate of 7 mL min-1 to remove 

the water-soluble compounds (salts, sugars, amino acids,…). The monomeric fraction (mainly 

anthocyanins) was eluted with a 55/45 (v/v) ethanol/water solvent acidified with TFA (0.05%). 

The polymeric tannin fraction was then eluted with a 60/40 (v/v) water/acetone solvent acidified 

with TFA (0.05%). Both extracts were evaporated under vacuum at 40 °C to remove the 

solvents and recovered with water before freeze-drying. The two fractions (anthocyanins and 

tannins) were stored at −80 °C in sealed vials under argon atmosphere before further use. A 

sample of each fraction was analysed by UV-Vis spectrophotometry, HPLC, and SEC. The 

mean degree of polymerization (mDP) of skin tannins was estimated to be around 9 from SEC 

and by comparison to standards5, after plotting the curve log(Mw) as a function of the elution 

volume. 
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2-6 Adsorption experiments 

Adsorption experiments were performed in 0 and 15% ethanol model solutions 

composed of 3 gL-1 tartaric acid, 50 mM NaCl (2.16 gL-1) to set the ionic strength, sodium azide 

(0.02%) to prevent bacterial growth, and 40 mgL-1 SO2 (to prevent the oxidation of phenolic 

compounds), the pH of which was adjusted at 3.5 with NaOH 1M. 

Each experiment was performed with 1.1 g of ground frozen fresh flesh for 1 mL of 

polyphenol solution. This amount was chosen based on the data of the 2017 and 2018 harvests 

where 1 kg of berries led to 700 mL of wine on average, with the pulp accounting for 80% of 

the berry fresh weight. The flesh weighed in a 2 mL Eppendorf was defrosted at 4°C and washed 

8 times in the 0% model solution to eliminate the must and all water-soluble components. After 

the last centrifugation (15000g, 10 min, 4 °C), the absence of soluble sugars and proteins was 

checked using the sulphuric phenol29 and Bradford30 methods, respectively. The fresh flesh 

water-insoluble material (FWIM) was dried by drainage before being weighed again. Fresh 

FWIM represented about 10% of the initial flesh weight. It was immediately mixed with 1 mL 

of the model solutions at adequate polyphenol concentrations for interaction experiments. 

Samples were stirred continuously on a rotator (Stuart SB3 40 rpm) in darkness and at 20 °C. 

A solution of polyphenols without FWIM and fresh FWIM suspended in the model solution 

without polyphenols served as controls. At the end of the experiment, the supernatants were 

recovered by centrifugation for analysis. The adsorption was quantified from the difference in 

concentration between the supernatants and the controls (polyphenols solution without FWIM 

and FWIM suspended in model wine without polyphenols). 

Kinetic studies were performed first to determine the contact time required to reach the 

adsorption equilibrium. These experiments were done at two different anthocyanin and tannin 

concentrations (0.1 gL-1 and 2 gL-1) and in 0 and 15% ethanol solutions using a fresh FWIM of 

the Carignan variety. Samples were stirred for 2 days and an aliquot was taken at several time 
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intervals (1, 3, 6, 24, 37, and 48 h). Polyphenol adsorption was followed using absorbency 

measurements (supplementary Figure 1). It was the difference between the initial concentration 

in solution and the concentration at time t. After an increase during the first hours, a plateau 

value was obtained after 24 h at the higher concentration (2 gL-1), indicating that the equilibrium 

was reached. At low concentration, the plateau was reached during the first hours. From these 

results, the contact time for adsorption isotherm experiments was set at 30 h. 

Adsorption experiments were performed first with the tannin fraction using 

concentrations ranging from 0.25 to 8 gL-1 (0.25, 0.5, 1, 2, 4, 6, 8 gL-1) and with the anthocyanin 

fraction using concentrations ranging from 0.1 to 2 gL-1 (0.1, 0.25, 0.5, 1, 2 gL-1).  

Adsorption isotherms were fitted with the SigmaPlot 13.0 by Systat Software, using the 

ligand-binding model with one or two saturation sites (equation 1 and 2): 

𝑦 =  
𝐵max     𝑥 

𝐾𝑑+𝑥
      (1) 

where y is the adsorbed amount of tannins /g of FWIM, x the equilibrium concentration, 

Bmax the adsorbed amount corresponding to the saturation (all sites are occupied), Kd the 

concentration for which y=Bmax/2. This formalism is close to Langmuir's 31 which is valid for 

the adsorption of perfect gas molecules on a surface, and has been used in systems close to 

ours32. 

The same model can be applied, considering that there are two types of sites accessible 

to tannins : 

𝑦 =
𝐵𝑚𝑎𝑥1𝑥

𝐾𝑑1+𝑥
+  

𝐵𝑚𝑎𝑥2𝑥

𝐾𝑑2+𝑥
  (2) 

where Bmax1 and Kd1 correspond to the first type of sites and Bmax2 and Kd2 to the second 

type of sites. This model was used because cell walls are made of polysaccharide and protein 

networks, which are known to have very different affinities for tannins. 

In another series of experiments, mixtures of anthocyanins and tannins at different 

concentrations (different anthocyanin/tannin ratios) were used. Two anthocyanin 



11 

 

concentrations of 0.5 gL-1 and 2 gL-1 were selected. The former is equivalent to a frequent 

anthocyanin concentration in wine whereas the latter represents a very high concentration 

condition. Each of these anthocyanin solutions was mixed with tannins at four different 

concentrations: 0.5, 1, 2, 4 gL-1.  

2-7 Reversibility of adsorption 

After adsorption experiments, the FWIMs recovered by centrifugation were dispersed 

in 1ml of a model solution without polyphenols. Samples were stirred for 30 h and the 

supernatants recovered. The reversibility of the adsorption was determined through the analysis 

of the polyphenols recovered in the solution.  

2-8 Polyphenol analysis 

Total polyphenols Index (TPI) and total red pigments (TRP) were determined by UV–

visible spectrophotometry (spectrophotometer UV-1600, Shimadzu) at 280 and 520 nm (1 cm 

path length) after adequate dilution in HCl 1 M. HPLC and HPSEC analyses were also 

performed to distinguish between the adsorption of monomers (free anthocyanins) and that of 

tannins. Free anthocyanins were analyzed by HPLC using a Waters chromatography system 

equipped with DAD detection and a C18 reversed-phase column (Atlantis T3, Waters) 5. 

Anthocyanins were quantified at 520 nm, in equivalent of malvidin-3-O-glucoside. Tannins and 

their size distribution in the samples were analyzed by high-pressure size exclusion 

chromatography (HPSEC) in dimethylformamide with 1% acetic acid (v/v), 5% water (v/v), 

and 0.15 M lithium chloride , at  60°C , at 1mL min-1, injected in the Agilent HPLC 1260 

Infinity II system equipped with a DAD and 2 Phenogel columns connected in series, as detailed 

in reference5 . 
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2-9 Statistical analysis 

Statistical analysis was done using Statistica software. Experiments were performed in 

triplicate. The results obtained were assessed by factorial and one-way ANOVA analysis 

followed by a Tukey Test. Principal Component Analysis was performed on the raw data set of 

CoMPP results of the AIS pulp cell walls to better evaluate the differences between varieties. 

3- Results and Discussion 

3-1 Tannin adsorption by FWIM 

Adsorption isotherms were established in 0 and 15% ethanol model solutions with 

Carignan and Grenache fresh FWIMs and the tannin fraction extracted from grape skins in 

wine-like conditions. These two ethanol contents were chosen although the grapes were 

harvested at a potential alcohol of 12%, because in our previous experiments we studied the 

diffusion during a simulated fermentation, and looked at the changes when the percentage of 

ethanol increased from 0 to 15%5. This final concentration of 15% was also chosen to 

emphasize the effect of ethanol content and to compare our results with other experiments33. 

Up to initial concentrations of 0.5 gL-1 (initial part of the isotherm), adsorption represented 

more than 85% of the initial tannin contents in solution at 0% ethanol and more than 73% in 

15% ethanol (Figure 1A and Table 1). No significant differences were observed between the 

two varieties and modalities. At higher concentrations, a change in slope was observed: 

adsorbed amounts increased much more progressively. Unlike what was observed at low 

concentrations, adsorbed amounts were significantly higher with Carignan FWIMs than with 

Grenache ones, but the sugar content of the berry had no impact. A higher binding was always 

observed in 0% ethanol than in 15%, in agreement with previous results 33,34. This is related to 

the impact of ethanol on polar interactions (hydrophobic interactions and H-bond formation) 

and the role of the latter on the solubility and interactions of tannins 35,36. The reversibility of 
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tannin adsorption was not influenced by the adsorbed amount and remained rather low, between 

20 and 30% (Figure 1B). It was higher in the presence of ethanol, in agreement with the impact 

of this solvent of polyphenol adsorption, and slightly higher for Grenache than for Carignan. 

This low reversibility does not necessarily reflect a high affinity between tannins and FWIM 

and may only be related to multiple bonding between tannins and FWIM. Although all tannins 

in the studied fraction, including di and trimers, were concerned by adsorption at rather high 

concentrations (4 gL-1), HPSEC analyses (Figure 1C and D) indicated that the highest molecular 

weight tannins were preferentially adsorbed, and that reversibility was related to small tannins.  

At low concentrations, lateral interactions between adsorbed species are low and the 

initial part of the isotherm represents the polymer affinity for the sorbent. As the polymer 

concentration increases, adsorbed amounts and plateau values (maximum adsorbed amounts) 

depend on the number of binding sites and of their affinity for the polymer, on the accessibility 

of these binding sites, and possible conformational rearrangements and lateral interactions 

between adsorbed polymers. It is worth noting that no plateau was reached in our experimental 

conditions, and thus for high tannin concentrations compared to those found in winemaking. 

FWIMs are essentially cell walls, that is complex tri-dimensional networks of different 

polysaccharides and proteins, with interaction sites having different affinities for tannins18–22 , 

and whose accessibility may depend on tannin size. The change in slope observed here in the 

isotherms may reflect the different nature of these binding sites, and the lack of plateau value 

even at tannin concentrations as high as 8 gL-1 the existence of numerous interaction sites in 

FWIMs, still accessible at these concentrations for the studied tannins fraction.  

Langmuir isotherms were used to describe tannin adsorption on apple or grape cell walls 

33,42,43. Even if the fundamental assumptions related to this model are not fulfilled, curve fitting 

provides convenient mathematical constants that can be used to compare results between 

different tannins fractions and different adsorbents. The adsorption isotherms were fitted 
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according to two ligand binding models (Figure 1A): one-site saturation, which is 

mathematically the same as Langmuir’s, and two-site saturation. This model was used because 

cell walls are made of polysaccharides and proteins networks, which are known to have very 

different affinities for tannins. The whole results are summarized in Table 2. In all cases, the 

adjusted R² was better when the two-site model was used, in the range 0.992-0.999 (two sites) 

vs 0.965-0.979 (one-site). When the two-site binding model is used, the Kd2/Kd1 is in the range 

160-540, indicating that the first type of sites, have affinities for tannins roughly two orders of 

magnitude higher than the second type of sites. This ratio is in agreement with isothermal 

titration calorimetry experiments performed between tannins and polyproline 39,40 (Ka in the 

range 105 M-1) and polysaccharides and tannins44 (Ka in the range 103 M-1). This may indicate 

that the first type of sites corresponds to ‘protein’ sites, and the second one to ‘polysaccharide’ 

sites. The supplementary Figure 2 (2-site binding model with 95% confidence intervals) 

confirms that the variety and the % in ethanol lead to significant different adsorptions.  

Our results should be compared with those of Beaver et al. 33, and Bindon et al.43,45, 

who fitted their results with a Langmuir isotherm. This is actually the same model as a one-site 

saturation binding, except that Keq = 1/Kd. However, they used cell walls purified with different 

techniques, involving phenol buffer extractions that are performed to remove proteins, and 

dried. They also mainly worked with skin cell walls, which are poorer in proteins 5,46, and thus 

have probably less affinity for tannins. In the present work, we have used the flesh water-

insoluble materials, extensively washed with water but not with organic solvents and not dried. 

To compare with the results of Beaver33 and Bindon45, our data were processed considering the 

initial mass of flesh used for each interaction experiment (1.1 g) and the corresponding values 

of purified and dried flesh cell wall materials (AIS, Table 3). The whole results are presented 

in Supplementary Table 2. The results indicated plateau values (Nmax or Bmax values) for 

adsorption about 1000-1200 and 850-990 mgg-1 dry cell walls in 0% and 15% ethanol, 
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respectively. By contrast, Bindon et al.45 obtained Nmax values of 250 mgg-1 for skin cell wall 

AISs. These authors also observed twice higher adsorption on pulps than on skin cell walls 47. 

Our results are thus higher, but this may be related to the differences in the preparation method. 

In 15% ethanol, we obtained Kd value between 1.9 and 2.2 (gL-1) corresponding to a KL between 

0.45-0.53 Lg-1 (Supplementary Table 2). This is 4 to 5 times higher than that found with a 

mDP11 tannin fraction and skin cell walls43. If we assume that there are two types of sites, for 

example sites richer in proteins and sites richer in polysaccharides, and we are only interested 

in the second Kd, which would be that of the polysaccharides, we find Kd2 ~ 6 at 15% EtOH. 

This would correspond to a KL ~0.16, which is close to the values found by Bindon et al. (0.10 

and 0.18) 43. However, when working with fresh material, Bindon et al. 45 showed that the 

addition of fresh mesocarp obtained by washing the material with citric acid induced the 

adsorption of about 50% of the tannins initially present in solution, contrary to the results 

obtained on purified pulp cell walls but in agreement with our data. 

3-2 Anthocyanin adsorption by FWIM 

Results of adsorption experiments performed with anthocyanins at concentrations 

between 0.1 and 2 gL-1 are shown in Figure 2. Anthocyanins exhibited only a very low affinity 

for FWIM (Figure 2A): the percentage of adsorbed anthocyanins from solution varied between 

16 to 28%, depending on the initial concentration in the solution (Table 1). No differences were 

observed between the two varieties and the deg+ and deg- modalities, and ethanol content had 

no impact. Higher reversibility was evidenced for anthocyanins compared to tannins, (Figure 

2B), likely in relation to their monomeric nature. This reversibility was influenced by the variety 

(higher for Grenache than for Carignan) and was strongly decreased in the presence of 15% 

ethanol, especially at high concentrations. 

Anthocyanins in the fraction extracted from skins were mainly non-acylated 

glycosylated anthocyanins (93%) and the second most abundant population were p-
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coumaroylated anthocyanins (5%) (Figure 2C). Other acylated anthocyanins only represented 

a very minor proportion of the fraction. Analysis showed a marked selectivity for the adsorption 

of p-coumaroylated derivatives, and lower reversibility of their adsorption by comparison to 

non-acylated anthocyanins. This preferential adsorption of p-coumaroylated anthocyanins by 

FWIM is in line with the previous observations that they are only very little extracted by 

diffusion or during winemaking compared to their initial content in skins 3,5. Present results 

suggest that their preferential adsorption on both skin and flesh has the same cause. Although 

no significant impact of ethanol was observed here on anthocyanin adsorption, its impact on 

reversibility might be related to lower solubility of p-coumaroylated anthocyanins in 15% than 

in 0% ethanol. 

3-3 Interactions of tannins and anthocyanins mixtures 

In this set of experiments, adsorption was studied for mixtures of anthocyanins and 

tannins at different concentrations and ratios. The HPSEC chromatograms of the initial solution, 

adsorbed, and desorbed polyphenols are represented in Figure 3A and B for a tannin 

concentration of 4 gL-1 in the presence of 0.5 and 2 gL-1 anthocyanins. As results were very 

similar for Grenache and Carignan FWIM, only the results of the Grenache are shown here. 

The whole result are represented in Figure 3C. In these conditions and in agreement with 

previous work 43, anthocyanins did not impact tannin adsorption. This does not necessarily 

reflect a lack of competition between anthocyanins and tannins for potential binding sites. 

Indeed, monomers are easily desorbed when they do not present a very high affinity for a 

binding site whereas, with polymers like tannins, which usually possess several binding sites, 

desorption is unlikely to occur simultaneously for all sites. In our experimental conditions, the 

presence of anthocyanins also had a minor impact on the reversibility of the adsorption of 

tannins (Figure 3C).  
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The impact of tannins on anthocyanin adsorption was studied in 15% ethanol for 0.5 

and 2 gL-1 concentration of anthocyanins and four different tannin concentrations (Figure 4). 

At usual anthocyanin concentrations in wines (0.5 gL-1), the presence of tannins at low 

concentration (0.5 gL-1) induced a decrease in anthocyanin adsorption but this impact 

diminished as the tannin concentration increased and was no more visible at 4 gL-1. At high 

anthocyanin concentrations (2 gL-1), a decrease of anthocyanin adsorption and enhanced 

reversibility were observed whatever the tannin concentration. This decrease varied between 

27 and 33% for the Carignan FWIM and between 13 and 15% for the Grenache ones, with no 

impact of the sugar content of the berries. Results obtained at 2 gL-1 anthocyanins thus tend to 

indicate a competition between anthocyanins and tannins for interaction sites on the FWIM. 

However, this does not explain the results obtained at low anthocyanin contents and the 

decreasing impact of tannins as their concentration increases. A hypothesis could be 

anthocyanin-tannin and anthocyanin-anthocyanin interactions. At low anthocyanin 

concentration, their enhanced adsorption by FWIM when the tannin concentration increases 

could be related to interactions between anthocyanins and adsorbed tannins. At high 

anthocyanin concentrations, competition between anthocyanin-anthocyanin interactions (co-

pigmentation) and anthocyanin-adsorbed tannin interactions may perhaps reduce the latter. 

In previous experiments, Bindon et al.43 observed that the adsorption of anthocyanins 

by cell walls increased in the presence of tannins (1.25 gL-1 tannins) for initial concentrations 

of anthocyanins between 0 and 5 gL-1, and then decreased at higher initial anthocyanin contents. 

These results can be compared to those obtained in the present study for tannin concentrations 

of 1 and 2 gL-1 and anthocyanin concentrations of 0.5 and 2 gL-1. In all cases, we observed a 

decrease and not an increase in anthocyanin adsorption. Measurements in this previous work 

were done after 1 hour of contact, whereas we waited 30 hours. When we performed kinetics 

experiments, we pointed out that tannin adsorption takes time. The exchange between 
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anthocyanins and tannin at the interaction sites is probably a time-dependent phenomenon and 

probably explains the differences in results. 

3-4 Characterization of flesh cell walls 

The dry weight of the purified flesh cell wall AIS, along with their global composition 

in neutral sugars, acidic sugars, and amino acids are given in Table 3. Statistical analyses of 

their sugar composition did not show significant differences between the two varieties and the 

two maturities. On the contrary, the total amount of amino acids differed between deg + and 

deg- modalities, the deg- modality being richer in total amino acids. In addition, the Grenache 

deg+ modality was richer than the Carignan one. The proportions of several amino acids, in 

particular hydroxyproline, proline, aspartic acid, methionine, phenylalanine, and serine differed 

significantly in Carignan and Grenache. 

The composition of the carbohydrates of the flesh cell walls was analysed using the 

Comprehensive Microarray Polymer Profiling (CoMPP) method 19,26,48. The extracts resulting 

from sequential extraction using CDTA (pectin rich fraction) and NaOH (hemicellulose rich 

fraction) were probed with 28 mAbs or CBMs. These antibodies were chosen as they recognize 

a broad range of different cell wall polymers. The CDTA fraction includes pectic 

polysaccharides (homogalacturonans HG, rhamnogalacturonans RGI, and its side chains : 

arabinans, galactans and arabinogalactans), Arabinogalactan-Proteins, and extensins. The 

NaOH fraction is rich in hemicellulosic polysaccharides (mannans, glucan/xyloglucan, xylans), 

and cellulose (Figure 5). RGII was not studied, as there is no monoclonal antibody for detecting 

this polymer. HG epitopes in samples were recognized by mAbs JIM5, JIM7, LM18, LM19, 

LM20, 2F4 and PAM1/ RGI by mAbs INRA-RU1 and INRA-RU2/ and its side chains by mAbs 

LM5, LM6, LM13/ mannans by mAb LM21, xyloglucan by mAbs LM8, LM15, LM24 and 

LM25/ cellulose by CBM3a/ extensins by mAbs LM1, JIM11, JIM20 and AGPs by mAbs 

JIM8, JIM13, LM14 and LM2.  
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In the pectin-rich fraction, the mAb JIM7 and LM20 showed the highest signal intensity 

compared with the other HG antibodies used, confirming the previous findings that grape berry 

pectins are highly methyl esterified 49. Both mAb JIM7 and LM20 recognize methyl-esterified 

HG polymers but do not bind to un-esterified HG. Weaker signals were observed for mAbs 

JIM5, LM18, and LM19. This indicated the presence of demethyl-esterified HG zones, but in 

lower amounts than esterified HG. Similar signals were found for the mAbs JIM5 and JIM7 in 

the two varieties. The JIM7/JIM5 ratio showed that there are about 4 times less de-esterified 

HG than esterified HG in their flesh cell walls. The pectin-rich fraction of the flesh cell wall for 

the two varieties do not seem to contain a blockwise of desesterified HG (mAbs PAM1). 

In addition to polysaccharides of the RG family (Backbone of rhamnogalacturonan I 

(INRA-RU1 and INRA-RU2), the arabinan epitopes, recognized by mAbs LM6 and mAbs 

LM13 antibodies, were present in the flesh cell walls contrary to the galactan epitope 

recognized by mAbs LM5 antibodies. The signal of arabinan (attached as side chains of RGI) 

was found to be higher in Carignan varieties compared to Grenache (significantly higher 

according to the factorial and one-way ANOVA). The RGI and RGI side-chain epitopes were 

extracted not only with CDTA but also with NaOH, and in higher proportions for the Carignan 

than for the Grenache flesh cell walls (Figure 5a). This suggests that an RGI like structure is 

strongly associated with xyloglucan and cellulose microfibrils in the cell wall structure. 

As expected, still in the pectic fraction, no polymer belonging to the mannan, glucan / 

xyloglucan, xylan, and cellulose family were detected, except for the mAb LM25, which 

recognises unsubstituted xyloglucan. Finally, differences were observed with the signals of 

probes for extensin (mAbs LM1, JIM11 and JIM20) and AGP (mAbs LM2, LM14, JIM8, and 

JIM13) epitopes in the CDTA fraction. Extensins define a subgroup of the hydroxyproline rich 

glycoprotein (HRGP) superfamily and incorporate characteristic β-L-arabinofuranoside 

repetitive glycosylation motifs. AGPs (arabinogalactan proteins) are rich in hydroxyproline but 
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also in serine. The ANOVA showed significant differences between varieties with the JIM11 

and the JIM20 extensin antibodies. Extensins play an important structuring role in the assembly 

of plant cell walls, 50–52, but also in plant defence53. Extensins were also detected in the NaOH 

fraction, but mainly with the Grenache variety, indicating a different localization or associations 

with other polymers for the two varieties. Higher AGPs contents were found in the Grenache 

flesh cell wall CDTA fractions than in the Carignan ones, which is consistent with the 

differences observed in amino acids composition (higher proportions of hydroxyproline in 

Grenache than in Carignan and serine in Carignan than in Grenache).  

In the hemicellulosic rich fraction (NaOH Fraction), the samples were mainly recognized by 

the mAbs/CBMs for RGI side chains (INRA-RU1, INRA-RU2, LM6, and LM13), mannan 

(LM21) xyloglucan/glucan (LM15, LM25), and cellulose (CBM3a). The main hemicellulose 

polymers were xyloglucans, which consist of a backbone of β‐1,4‐linked glucan where 3 out of 

4 glucose units are substituted at C-6 with α-D-Xylp-(1→6)-, β-D-Galp-(1→2)-α-D-Xylp-

(1→6)-, or α-L-Fucp-(1→2)-β-D-Galp-(1→2)-α-D-Xylp-(1→6)-side chains. Previous XGs 

isolated from mesocarp and exocarp cell walls of Grenache grape berries account for 8% of the 

walls from grape berries, and are composed of seven similar types of oligosacharides: XXXG, 

XLXG, XXLG, XLLG, XXFG, XLFG, XFFG and XXG 54
. No significant differences between 

samples were evidenced for these polysaccharides in this study.  

The analysis of  CoMPPs of the CDTA and NaOH fractions by PCA (Figure 5b and c) 

showed us that the parameter with the greatest impact was variety, particularly on de-esterified 

HG, hemicellulose, extensin, and arabinan compositions. This is in agreement with the 

adsorption data: the effect of variety is higher than the effect of maturity. Higher composition 

in extensins and RGI for Carignan are consistent with higher retention of tannins 55, and thus 

higher adsorption in our experiments. Differences in composition were also observed with the 

partially methyl esterified homogalacturonan (mAbs LM19 and LM20). Watrelot et al. 44 
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observed a positive impact of the degree of methylation of HG on their interactions with tannins 

in solution, but only with very different HG (0, 30, and 70% of methylation) and with relatively 

high molecular weight tannins (mDP30). They could not detect interactions between mDP9 

tannins and homogalacturonans. The tannins used in our experiments were extracted in wine-

like conditions and have a mDP around 9. This suggests that differences in homogalacturonans 

are not responsible for the differences observed here in adsorption. 

In previous studies, a positive correlation was observed between the cellulose content 

and the degree of methylation of pectins and anthocyanin extraction 56. In our study, it was 

difficult to link the adsorption of anthocyanins to the structural composition of the flesh cell 

walls since this adsorption was very low and that only minor differences were observed between 

the two varieties and the two different sugar contents of the berries. 

 

4- Conclusion  

The  flesh cell wall materials have the potential to alter the composition of polyphenols 

in solution through the adsorption of tannins and anthocyanins The adsorption isotherms did 

not show a high affinity of the tannins for most of the interaction sites present in the FWIMs 

but underlined the high adsorption capacity of the latter: no plateau could be reached even for 

concentrations as high as 8 gL-1. In the present study and in agreement with a previous work 45, 

we found that at their usual concentration in wines, more than half of the tannins were adsorbed 

by FWIM and eliminated from the solution. In an earlier study, we found that at a final ethanol 

concentration of 15%, about 20% of the polymeric tannins diffuse from the skin to the wine for 

the two studied varieties, leading to final concentrations in solution between 0.6 and 0.8 g/L. If 

50% are adsorbed by FWIM, this would lead to final concentrations in wines of about 0.3 - 0.4 

g/L. Although higher temperatures than those applied here may increase the diffusion of tannins 
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from the skins in red winemaking and decrease their interactions, this seems quite low and 

raises two questions: the role played by seeds, which are another important source of polymeric 

tannins in the grappe; the impact of adsorption/interaction phenomena on the equilibrium 

between solid and liquid phase involved in the diffusion of tannins from the skins as well as the 

seeds4. These questions will be addressed in a further work.   

Unlike tannins, anthocyanins have very low affinity for FWIM and the amount of 

anthocyanins bound remains very small even at high anthocyanin concentrations. Furthermore, 

the presence of tannins at their usual concentrations in red wines decreases this adsorption. This 

indicates that the presence of FWIM will not strongly affect their concentration in wines. They 

likely also do not strongly impact anthocyanin extraction during pressing for rosé wines. 

However and concerning anthocyanins, an important observation in the present work is the 

preferential adsorption of p-coumaroylated anthocyanins, even if  the latter only represented a 

minor proportion of the initial anthocyanins in the polyphenolic extract used and in agreement 

with their lower extraction from skins during maceration5..  

An impact of the variety on the interactions was highlighted. According to the CoMPP 

results, this higher interaction observed with Carignan variety can be related to the high 

interactions between tannins and the extensin and arabinan part of its flesh cell walls. The flesh 

of Carignan berries was able to adsorb roughly 20% more tannins than the flesh of Grenache.  
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Table 1. Adsorbed tannin and anthocyanin amounts expressed in Concentration (mgL-1) and Quantity (mg g-1 fresh flesh water-insoluble materials) for Carignan 

and Grenache, in 0 and 15% of ethanol model solutions. Different letters indicate significant differences between samples for a given parameter (One-way 

ANOVA followed by Tukey’s test for p<0.05)

 0% ethanol 15% ethanol 

 Tannins  

Initial concentration 

(mgL-1) 
500 4000 8000 500 4000 8000 

Adsorbed amount  
C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

car vol+deg+ 
436.8 ± 5.3 3.8±0.4x 2384.6±47.0 23.3 ±1.1 x 3670.0±75.0 44.4±0.8x 382.6±17.0 3.7±0.6x 1793.6±88.7 17.7 ±1.0 x 2838.0±58.2 34.0±0.8x 

car vol+deg- 
432.6±31.4 4.37±0.6x 2400.2±70.5 24.4 ±1.7 x 3743.7±89.2 43.0±1.0x 382.6±11.2 4.0±0.1x 1791.1±43.6 18.1 ±0.6 x 2861.0±65.1 34.6±0.6x 

gre vol+deg+ 
436.0±6.2 3.5±0.3x 2219.0±22.8 17.8 ±1.4 y 3537.9±35.5 33.8±1.3y 367.9±11.5 3.2±0.2x 1738.8±61.7 15.4 ±0.3 y 2733.6±51.0 26.7±0.9y 

gre vol+deg- 
446.8±9.5 4.0±0.2x 2129.4±29.7 17.7 ±0.6 y 3495.9±128.5 36.6±2.0y 365.3±11.4 3.2±0.1x 1719.6±84.1 14.7 ±0.3 y 2703.1±89.2 28.7±0.7y 

 
Anthocyanins 

Initial concentration 

(mgL-1) 
500 2000 500 2000 

Adsorbed amount 
C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

C 

(mgL-1) 

Q 

(mgg-1)  

car vol+deg+ 
78.1±28.2 0.8±0.2x 425.8±54.9 4.2 ±0.4 x 106.6±14.0 0.9±0.03x 537.7±33.2 4.5 ±0.2 x 

car vol+deg- 
83.4±3.5 0.8±0.03x 403.2±47.3 3.9 ±0.5 x 105.5±2.6 0.9±0.03x 476.4±13.3 4.2 ±0.4 x 

gre vol+deg+ 
91.8±8.3 1.0±0.01x 426.1±9.8 4.7 ±0.1 x 111.0±5.4 0.8±0.02x 557.6±11.1 3.7 ±0.1 x 

gre vol+deg- 
73.3±20.6 0.9±0.1x 401.2±35.6 4.6 ±0.1 x 122.8±11.6 0.8±0.00x 566.7±25.2 3.8 ±0.1 x 
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Table 2. Parameters derived from one-site and two-site saturation binding curve fitting, 

corresponding to the experimental results plotted in Figure 1A. 

 

 One-site saturation 

binding Two-site saturation binding 

 Bmax 

(mg tannin / g 

of flesh) 

Kd 

g/L 

Adj 

R² 

Bmax1 

(mg tannin / g 

of flesh) 

Kd1 

g/L 

Bmax2 

(mg tannin / g 

of flesh) 

Kd2 

g/L 

Adj 

R² 

Car Deg+ 0% 76.21 3.45 0.976 6.548 0.030 177.9 16.3 0.998 

Car Deg- 0% 61.65 2.08 0.978 7.597 0.046 98.3 7.54 0.999 

Gre Deg+ 0% 55.55 3.07 0.975 5.739 0.060 116.3 13.8 0.995 

Gre Deg- 0% 72.66 4.66 0.965 5.547 0.028 369.0 48.5 0.992 

Car Deg+ 15% 60.80 4.48 0.979 5.821 0.096 200.5 32.0 0.999 

Car Deg- 15% 57.47 3.75 0.971 6.367 0.075 164.7 24.9 0.997 

Gre Deg+ 15% 42.36 3.21 0.975 3.390 0.042 58.14 7.71 0.996 

Gre Deg- 15% 53.47 4.87 0.978 3.900 0.039 122.1 20.8 0.999 
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Table 3. Alcohol Insoluble Solids contents (AIS) and their composition in total sugars (neutral 

and acidic), amino acids and their relative amounts in the four modalities of Carignan and Grenache 

initial flesh. Different letters indicate significant differences between samples for a given concentration 

or relative amount (Tukey’s test for p<0.05). 

  Carignan Grenache 

   

Deg+ 

 

Deg- Deg+ Deg- 

AIS mgg-1 

fresh flesh 
 4.1 ± 0.5 a 3.7±0.2 a 3.7±0.5 a 3.4±0.2 a 

Total sugars 

mgg-1 AIS 

Total neutral 

sugars 
181.1±12.0 ab 199.4±6.9 ab 161.1±23.6 b 218.9±22.4 a 

Total acidic 

sugars 
147.6±15.4 a 159.5±31.4 a 138.9±21.1 a 132.2±16.7 a 

Total amino 

acids 

mgg-1 AIS 

 218.9±7.0 c 255.9±3.4 a 238.4±5.2 b 263.8±0.9 a 

Relative 

amounts of 

sugars (%) 

 

Rhamnose 4.82 a 4.68 a 5.57 a 4.60 a 

Fucose 0.90 a 0.92 a 0.90 a 0.96 a 

Arabinose 13.07 a 12.50 a 11.98 a 12.92 a 

Xylose 8.85 a 6.67 a 6.14 a 5.69 a 

Mannose 4.18 a 4.34 a 3.68 a 3.70 a 

Galactose 11.92 a 12.01 a 12.05 a 11.63 a 

Glucose 56.26 a 58.88 a 59.68 a 60.50 a 

Relative 

amounts of 

amino acids 

(%) 

 

Hydroxyproline 3.00 b 3.02 b 3.53 a 3.51 a 

Proline 5.67 b 5.74 b 6.17 a 6.43 a 

Alanine 5.31 a 5.33 a 5.14 a 5.19 a 

Arginine 4.88 a 4.86 a 5.04 a 5.36 a 

Aspartic acid 9.53 a 9.64 a 8.88 b 8.87 b 

Cystine 0.62 a 0.32 a 0.28 a 0.20 a 

Cysteic acid 0.14 a 0.35 a 0.08 a 0.15 a 

Glutamic acid 12.34 a 12.47 a 12.80 a 12.89 a 

Glycine 5.45 a 5.16 b 5.39 a 5.39 a 

Histidine 4.07 a 4.40 a 4.62 a 3.35 a 

Isoleucine 4.92 a 5.01 a 4.96 a 5.25 a 

Leucine 7.17 a 6.81 b 7.16 a 7.09 a 

Lysine 8.44 a 8.21 a 8.45 a 8.22 a 

Methionine 0.57 b 0.57 b 0.88 a 1.03 a 

Methionine 

sulfone 
0.10 a 0.15 a 0.08 a 0.06 a 

Phenylalanine 5.37 a 5.40 a 5.15 b 5.10 b 

Serine 5.57 a 5.67 a 5.27 b 5.21 b 

Threonine 5.24 ab 5.32 a 5.28 ab 5.14 b 

Tyrosine 3.86 a 3.36 a 3.14 a 2.26 a 

Valine 6.07 a 6.23 6.06 a 6.16 a 
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Figures 

 

 

  

Figure 1. Adsorption isotherms of grape skin tannins (A) on the fresh Flesh Water Insoluble Material 

(FWIM) of Carignan and Grenache, at two different percentages of sugar (deg+; deg-) and in 0 and 15% 

ethanol model solutions. Results are expressed in mg adsorbed tannins/g of fresh FWIM. Dotted lines 

are the fits obtained with a ligand saturation model (one site), solid lines the fits obtained with a two-

site saturation model.(B) Reversibility of the adsorption. HPSEC analysis performed for a 4 gL-1 initial 

tannin concentration in the solution for the two Carignan (C) and Grenache (D) deg+ and deg- modalities 

and the two ethanol concentrations (0 and 15 %) showing the size distribution of the tannins in the initial 

solution, the adsorbed tannins (obtained by subtracting the chromatogram of the supernatant after 

interaction from that of the initial solution) and the desorbed tannins (from reversibility experiments).  
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Figure 2. Adsorption isotherms of Anthocyanins (A) on the fresh Flesh Water Insoluble Material 

(FWIM) of Carignan and Grenache, at two different percentages of sugar (deg+; deg-) and in 0 and 15% 

ethanol model solutions. Results are expressed in mg adsorbed anthocyanins/g of fresh FWIM. (B) 

Reversibility of the adsorption. (C) Proportions of p-coumaroylated and non-acylated anthocyanins in 

the initial anthocyanins fractions and of the adsorbed and desorbed (reversibility) anthocyanins (initial 

concentration in solution: 2 gL-1, 15% ethanol).  
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Figure 3.  A) and B) High Performance Size Exclusion Chromatography (HPSEC) analysis showing 

the molecular size distribution of tannins and anthocyanins in the initial solutions (A1T4 and A2T4), 

adsorbed polyphenols after interactions with Grenache fresh Flesh Water Insoluble Material (FWIM), 

and reversibility of adsorbed polyphenols. Interaction experiments were performed in a 15% ethanol 

model solution. A1T4: initial anthocyanin and tannin concentrations of 0.5 and 4 gL-1, respectively; 

A2T4: initial anthocyanin and tannin concentrations of 2 and 4 gL-1, respectively.  C) Percentage of 

adsorbed tannins and reversibility of the adsorption,  
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Figure 4. Adsorption and desorption of anthocyanins in the presence of different tannin concentrations 

in solution: T1: 0.5 gL-1, T2: 1 gL-1, T3: 2 gL-1 and T4: 4 gL-1. A1 corresponds to a concentration in 

anthocyanins of 0.5 gL-1, A2 corresponds to 2 gL-1. Graphs A) and C): percentage of adsorbed 

anthocyanins. B) and D): percentage of anthocyanins that are desorbed. Values were obtained from Total 

Red Pigments (TRP) measurements. Experiments were performed in the 15% ethanol model solution.  
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Figure 5. Comprehensive microarray polymer profiling (CoMPP) heatmap (a) showing cell wall polysaccharides and 

glycoproteins relative abundance using antibodies signal intensity reads on the CDTA (pectin-rich) and NaOH 

(hemicellulose-rich) fractions extracted from the Alcohol Insoluble Solids flesh of Carignan and Grenache varieties. A 

cut-off of 5 was applied to the raw data. (b): Principal Component Analysis (PCA) of the pectin-rich fraction (CDTA) 

and (c): PCA of the hemicellulose-rich fraction (NaOH). On the PCA, samples (―Carignan and ―Grenache) are 

coloured according to their Varieties. Detailed list of the antibody used is available in Table 1 (supplementary data). In 

green the antibodies for pectic polysaccharides (homogalacturonans HG, rhamnogalacturonans (RGI), and side chains 

(arabinans, galactans and arabinogalactans), in yellow the antibodies for hemicellulosic polysaccharides (mannans, 

glucan/xyloglucan, and xylans), and in red the antibodies for the glycoproteins (Arabinogalactan-Proteins (AGP) and 

extensins).  
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Supplementary data 

 
 

Supplementary Figure 1. Adsorption kinetics at 0.1 and 2 gL-1 of A) tannins and B) Anthocyanins on the 

fresh Flesh Water-Insoluble Material (FWIM) of Carignan. Experiments were performed in 0 and 15% of 

ethanol  model solutions, using the FWIM of 1.1 g of fresh flesh per mL of solution. Results are expressed in 

equivalent Total Polyphenol Index (TPI) for tannins and equivalent Total Red Pigments (TRP) for 

anthocyanins. 
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Supplementary Figure 2. Adsorption isotherms fitted with the two-site saturation binding model 

(solid lines) and the 95% confidence interval (dashed lines) 

 

 

Supplementary Figure 3. Percentage of adsorbed non-acylated and p-coumaroylated anthocyanins on fresh 

Flesh Water Insoluble Material (FWIM) at different tannin concentrations (0, T1: 0.5 gL-1, T2: 1 gL-1, T3: 2 

gL-1 and T4: 4 gL-1). Experiments were performed in the 15% ethanol model solution and for an anthocyanin 

concentration of 2 gL-1. 
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Supplementary Table 1. List of monoclonal antibodies (mAbs) and CBMs used for the comprehensive 

microarray polymer profiling (CoMPP) analysis (taken from Weiller F., Gerber L., Trygg J., Fangel J-U., 

Willats W.G.T., Driouich A., Vivier M.A., Moore J-P. Overexpression of VviPGIP1 and NtCAD14 

in Tobacco Screened Using Glycan Microarrays Reveals Cell Wall Reorganisation in the Absence of 

Fungal Infection. Vaccines 2020, 8, 388; doi:10.3390/vaccines8030388.) 

 

Homogalacturonan 

 low DE JIM5 a 

 high DE JIM7 b 

 partially ME LM18 

c  partially ME LM19 

 partially ME LM20 

RG-I associated 

 backbone of RG-I INRA-RU1 d 
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Hemicellulose 
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(galacto)(gluco)mannan LM21 
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a Knox, J.P.; Linstead, P.; King, J.; Cooper, C.; Roberts, K. Pectin esterification is spatially regulated 

both within cell walls and between developing tissues of root apices. Planta 1990, 181, 512–521. 

b Clausen, M.H.; Willats, W.G.T.; Knox, J.P. Synthetic methyl hexagalacturonate hapten inhibitors 

of anti-homogalacturonan monoclonal antibodies LM7, JIM5 and JIM7. Carbohydr. Res. 2003, 

338, 1797–1800. 

c Verhertbruggen, Y.; Marcus, S.E.; Haeger, A.; Ordaz-Ortiz, J.J.; Knox, J.P. An extended set of 

monoclonal antibodies to pectic homogalacturonan. Carbohydr. Res. 2009, 344, 1858–1862. 

d Ralet, M.-C.; Tranquet, O.; Poulain, D.; Moïse, A.; Guillon, F. Monoclonal antibodies to 

rhamnogalacturonan I backbone. Planta 2010, 231, 1373–1383. 

e Jones, L.; Seymour, G.B.; Knox, J.P. Localization of pectic galactan in tomato cell walls using a 

monoclonal antibody specific to (1→4)-β-D-galactan. Plant Physiol. 1997, 113, 1405–1412. 

Vaccines 2020, 8, 388 21 of 23 

f Clausen, M.H.; Ralet, M.-C.; Willats, W.G.T.; McCartney, L.; Marcus, S.E.; Thibault, J.-F.; Knox, 

J.P. A monoclonal antibody to feruloylated-(1→4)-β-D-galactan. Planta 2004, 219, 1036–1041.  



 

42 

 

g Willats, W.G.T.; Marcus, S.E.; Knox, J.P. Generation of a monoclonal antibody specific to (1!5)-

_-l-arabinan. Carbohydr. Res. 1998, 308, 149–152.  

h Verhertbruggen, Y.; Marcus, S.E.; Haeger, A.; Verhoef, R.; Schols, H.A.;McCleary, B.V.; McKee, 

L.; Gilbert, H.J.; Knox, J.P. Developmental complexity of arabinan polysaccharides and their 

processing in plant cell walls. Plant J. 2009, 59, 413–425.  

i Pedersen, H.L.; Fangel, J.U.; McCleary, B.; Ruzanski, C.; Rydahl, M.G.; Ralet, M.-C.; Farkas, V.; 

von Schantz, L.; Marcus, S.E.; Andersen, M.C.F.; et al. Versatile high resolution oligosaccharide 

microarrays for plant glycobiology and cell wall research. J. Biol. Chem. 2012, 287, 39429–

39438. 

j Marcus, S.E.; Blake, A.W.; Benians, T.A.S.; Lee, K.J.D.; Poyser, C.; Donaldson, L.; Leroux, O.; 

Rogowski, A.; Petersen, H.L.; Boraston, A.; et al. Restricted access of proteins to mannan 

polysaccharides in intact plant cell walls. Plant J. 2010, 64, 191–203. 

k Meikle, P.J.; Bonig, I.; Hoogenraad, N.J.; Clarke, A.E.; Stone, B.A. The location of (1!3)-_-glucans 

in the walls of pollen tubes of Nicotiana alata using a (1!3)-_-glucan-specific monoclonal 

antibody. Planta 1991, 185, 1–8. 

l Marcus, S.E.; Verhertbruggen, Y.; Hervé, C.; Ordaz-Ortiz, J.J.; Farkas, V.; Pedersen, H.L.; Willats, 

W.G.T.; Knox, J.P. Pectic homogalacturonan masks abundant sets of xyloglucan epitopes in 

plant cell walls. BMC Plant Biol. 2008, 8, 60 

m McCartney, L.; Marcus, S.E.; Knox, J.P. Monoclonal antibodies to plant cell wall xylans and 

arabinoxylans. J. Histochem. Cytochem. 2005, 53, 543–546 

n Tormo, J.; Lamed, R.; Chirino, A.J.; Morag, E.; Bayer, E.A.; Shoham, Y.; Steitz, T.A. Crystal 

structure of a bacterial family-III cellulose-binding domain: A general mechanism for attachment 

to cellulose. EMBO J. 1996, 15, 5739–5751.  

o Smallwood, M.; Martin, H.; Knox, J.P. An epitope of rice threonine- and hydroxyproline-rich 

glycoprotein is common to cell wall and hydrophobic plasma-membrane glycoproteins. Planta 

1995, 196, 510–522.  

p Smallwood, M.; Beven, A.; Donovan, N.; Neill, S.J.; Peart, J.; Roberts, K.; Knox, J.P. Localization 

of cell wall proteins in relation to the developmental anatomy of the carrot root apex. Plant J. 

1994, 5, 237–246. 

q Knox, J.P.; Peart, J.; Neill, S. Identification of novel cell surface epitopes using a leaf epidermal-

strip assay system. Planta 1995, 196] 

r Knox, J.P.; Day, S.; Roberts, K. A set of cell surface glycoproteins forms an early position, but not 

cell type, in the root Apical Carota L. Development 1989, 106. 

s Yates, E.A.; Valdor, J.-F.; Haslam, S.M.; Morris, H.R.; Dell, A.; Mackie, W.; Knox, J.P. 

Characterization of carbohydrate structural features recognized by anti-arabinogalactan-protein 

monoclonal antibodies. Glycobiology 1996, 6, 131–139.  

t McCabe, P.F.; Valentine, T.A.; Forsberg, L.S.; Pennell, R.I. Soluble signals from cells identified at 

the cell wall establish a developmental pathway in carrot. Plant Cell 1997, 9, 2225–2241. 

u Knox, J.P.; Linstead, P.; Cooper, J.P.C.; Roberts, K. Developmentally regulated epitopes of cell 

surface arabinogalactan proteins and their relation to root tissue pattern formation. Plant J. 1991, 

1, 317–326. 

v Moller, I.; Marcus, S.E.; Haeger, A.; Verhertbruggen, Y.; Verhoef, R.; Schols, H.; Ulvskov, P.; 

Mikkelsen, J.D.; Knox, J.P.;Willats,W. High-throughput screening of monoclonal antibodies 

against plant cell wall glycans by hierarchical clustering of their carbohydrate microarray binding 

profiles. Glycoconj. J. 2008, 25, 37–48. 

w Smallwood, M.; Yates, E.A.; Willats, W.G.T.; Martin, H.; Knox, J.P. Immunochemical comparison 

of membrane-associated and secreted arabinogalactan-proteins in rice and carrot. Planta 1996, 

198, 452–459. 

 

 

 



 

43 

 

 

Supplementary Table 2. Parameters derived from one-site and two-site saturation binding curve fitting when 

the adsorbed amounts of tannins are calculated per gram of Alcohol Insoluble Solids (using Table 3 data). 

 

 Bmax 

(mg tannin 

/ g of flesh) 

Kd 

(g/L) 

Adjusted 

R² 

Bmax1 

(mg tannin / 

g of flesh) 

Kd1 

(g/L) 

Bmax2 

(mg tannin 

/ g of flesh) 

Kd2 

(g/L) 

Adjusted 

R² 

Car Deg- 0% 1111 1.254 0.9774 230.8 0.0568 1508 4.933 0.9979 

Car Deg+ 0% 1024 1.349 0.9770 121.3 0.0135 1204 3.252 0.9994 

Gre Deg-0% 1220 1.734 0.9679 201.2 0.0445 2397 10.24 0.9959 

Gre Deg+ 0% 1090 1.523 0.9781 217.7 0.0961 1797 8.029 0.9984 

Car Deg- 

15% 

849 1.992 0.9783 114.5 0.0594 1132 6.031 0.9988 

Car Deg+ 

15% 

915 1.907 0.9821 140.9 0.0904 1224 6.223 0.9998 

Gre Deg-

15% 

898 2.194 0.9785 101.0 0.0346 1189 6.014 0.9989 

Gre Deg+ 

15% 

990 2.139 0.9801 125.0 0.0598 1311 6.141 0.9989 
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Supplementary Table 3. Factorial ANOVA assessed on the raw data of the heatmap table from the AIS samples of the flesh cell walls of Carignan and 

Grenache. 
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