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Abstract

:

One of the alternatives to SO2 as an antimicrobial is the use of bioprotection yeasts, which colonize the medium preventing the proliferation of undesirable microorganisms. In this work, the bioprotective effect of a mixed inoculum formed by Torulaspora delbrueckii/Lachancea thermotolerans during fermentation was evaluated. For this purpose, fermentations were carried out using this mixed inoculum and the populations of yeasts, lactic bacteria and acetic bacteria, and the physical–chemical parameters of the wines obtained were studied. The results were compared with those obtained in spontaneous fermentation with and without SO2. The different fermentation strategies caused a differentiation in the yeast species present during fermentation. Regarding populations of lactic acid bacteria, results showed that the effect of the addition of the mixed inoculum was comparable to that exerted by SO2. On the other hand, due to the high sensitivity of acetic acid bacteria to SO2, the sulfite vinifications showed a lower population of acetic acid bacteria in the early stages of fermentation, followed by the vinifications with the mixed inoculum.
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1. Introduction


In the winemaking industry, SO2 is the most widely used additive, since it provides triple protection to the wine due to its antimicrobial, antioxidant and antioxidasic activity [1,2]. This compound inhibits the development of undesirable microorganisms in the wine, favoring the colonization of the medium by yeasts of the Saccharomyces cerevisiae species, which have a greater tolerance to SO2. As it is a compound with high reducing properties, it is the first to react with oxygen, thus protecting the must or wine from oxidation. In addition, it is capable of inhibiting enzymes such as tyrosinase or laccase, which are responsible for the enzymatic oxidation of polyphenols. Due to these three main characteristics, SO2 is regarded as an essential tool by many winemakers. However, there is currently a tendency for consumers to demand more natural products with a minimum content of additives. SO2 can cause negative health effects, especially in sensitive or asthmatic people, including headaches, respiratory tract irritation or abdominal pain and diarrhea [3,4]. For this reason, legislation has evolved over the last few years, reducing the concentrations of SO2 allowed in wines. In 2009, the EC Regulation 606/2009 established the maximum concentration of SO2 at 150 mg/L in dry red wines. Furthermore, European Directive 2003/89/EC requires the specification of the presence of sulfites on the product label when their concentration exceeds 10 mg/L of SO2. In line with the limits established in the European Union, the International Organization of Vine and Wine (OIV) published the maximum acceptable limits of sulfur content in 2012, setting the maximum concentration of SO2 in red wines at 150 mg/L.



In this context, in which legislation and consumer demand call for the reduction and even the elimination of sulfur in wines, different alternatives are being investigated to achieve these objectives. The initial stage of the vinification process, prior to the domination of the medium by yeasts of the Saccharomyces (S.) cerevisiae species, represents a high risk for the development of spoilage microorganisms and it is the key point where the use of sulfur inhibits their development. To replace the antimicrobial activity of SO2, one of the options that is being considered is the use of bioprotection agents. These microorganisms prevent food spoilage through different mechanisms that can be divided into active, such as the production of antimicrobial molecules, or passive, such as competition for space, nutrients and oxygen [5]. Some microorganisms are able to restrict competitors’ access to nutrients through the secretion of digestive enzymes or siderophores [6]. As an example, the antimicrobial activity of Metschnikowia pulcherrima is attributed mainly to the production of a brown–red pigment pulcherrimin, which causes iron depletion [7]. Passive competition strategies are exerted by all microorganisms, while active competition strategies are performed only by some microorganisms and include the production of antimicrobial compounds or the disruption of signaling molecules through quorum quenching [5]. Non-Saccharomyces (NS) yeasts naturally dominate the early stages of spontaneous fermentation, making them ideal candidates as bioprotective inoculums for wine. Studies such as those carried out by Simonin et al. [8,9] have evaluated the bioprotective capacity of NS yeasts in wine with promising results. The inoculation of NS yeast species such as Torulaspora delbrueckii or Metschnikowia pulcherrima at the beginning of the vinification limited the proliferation of spoilage microorganisms with an effect similar to that of the addition of SO2.



The current work is aimed at evaluating the bioprotective effect of an NS-mixed inoculum formed by Torulaspora (T.) delbrueckii and Lachancea (L.) thermotolerans previously selected by our research team because of its enological properties [10]. For this purpose, the population and species composition of yeasts, lactic acid bacteria (LAB) and acetic acid bacteria (AAB) were studied in vinifications made following different inoculation strategies.




2. Materials and Methods


2.1. Microorganisms


All the microorganisms used in this study had been previously selected by our research group and all of them were autochthonous strains from the Denominación de Origen Calificada Rioja (D.O.Ca. Rioja). The non-Saccharomyces yeasts inoculum was composed of T. delbrueckii and L. thermotolerans in a 70/30 ratio [10], the commercial strain of S. cerevisiae used was Uvaferm VRB [11] and to induce malolactic fermentation (MLF), the wines were inoculated with the commercial bacteria Oenococcus (O.) oeni SILKA [12].




2.2. Vinifications


The assay was designed with the aim of studying the bioprotective effect of the mixed non-Saccharomyces inoculum in vinifications without SO2 and comparing it with the effect of SO2 in sulfite fermentations. To do so, vinifications with red Tempranillo grapes were carried out in triplicate in 50 L tanks following threedifferent inoculation strategies:




	-

	
Initial spontaneous fermentation without addition of SO2 and inoculation after 72 h with the commercial yeast S. cerevisiae Uvaferm VRB at a dose of 4 × 106 cells/mL (S).




	-

	
Initial spontaneous fermentation with addition of SO2 at a dose of 50 mg/L and inoculation after 72 h with the commercial yeast S. cerevisiae Uvaferm VRB (4 × 106 cells/mL) (SS).




	-

	
Inoculation of the NS-mixed starter at vatting at 2 × 106 cells/mL without addition of SO2 and inoculation of S. cerevisiae Uvaferm VRB (4 × 106 cells/mL) at 72 h (TL).









The non-Saccharomyces inoculum was prepared by growing the yeasts in a liquid YPD medium, incubating the culture at 25 °C for 48 h before inoculating the deposits. To determine the concentration, the cells were counted in a Neubauer chamber. After 72 h vatting, the commercial S. cerevisiae yeast was prepared following the manufacturer’s instructions and inoculated in the corresponding deposits at a concentration of 4 × 106 cells/mL.



Alcoholic fermentation (AF) was monitored daily by measuring density and temperature. Once AF was completed, the tanks were devatted, pressed and inoculated with commercial LAB of the species O. oeni to induce MLF. The evolution of MLF was monitored by enzymatic analysis of malic and lactic acids. After completion of MLF (malic acid < 0.2 g/L), the wines were stabilized for a month at 8–10 °C before bottling.




2.3. Microorganism Count


Sampling for the count of microorganisms was carried out four times: initial must, at 24 and 72 h after vatting, and at the end of AF. The samples were collected in sterile tubes, serial dilutions were made and they were seeded in Petri dishes with different culture media: Chloramphenicol Glucose Agar (CGA) (D-glucose 20 g/L, yeast extract 5 g/L, agar 15 g/L, chloramphenicol 0.2 g/L) for the yeast count, Mannitol (D-mannitol 25 g/L, peptone 3 g/L, yeast extract 5 g/L, penicillin 3 U/mL) for the acetic acid bacteria count and MRS agar (MRS broth 52 g/L, agar 20 g/L, pymaricine 50 mg/L) for the lactic acid bacteria count. The CGA and Mannitol plates were incubated for 48 h at a temperature of 25 °C. In the case of MRS plates, incubation was carried out under anaerobic conditions (Gas Pak System, Oxoid Ltd., Basingstoke, UK) for 10 days at 30 °C. After the corresponding incubation period in each case, the counts were carried out on the plates whose growth was between 30 and 300 colonies, expressing the results in colony-forming units per milliliter (CFU/mL).




2.4. Microorganism Identification


In the plates where the counts were made, 15 colonies per replicate were randomly isolated in each culture medium in the sampling carried out 24 h after vatting. This point was selected for the identification of the microorganisms present in the deposits because it is a key point when the development of spoilage microorganisms can occur. Therefore, it is an appropriate moment to detect the bioprotective effect of the inoculum studied.



For the identification of microorganisms, DNA amplification was first carried out by PCR. In the case of yeasts, NL1 and NL4 [13] primers were used, and for lactic acid and acetic acid bacteria, WLAB1–WLAB2 and WBAC1–WBAC2 primer pairs were used as described by López et al. [14]. The sequencing of the amplicons obtained was carried out by Macrogen Spain. The results obtained were compared with the available databases using the BLAST program [15]. The identifications were considered correct when they exceeded 98% identity.




2.5. Physicochemical Analysis


In the final wines, the general parameters and those related to the color were determined. Alcoholic strength, pH, total acidity, volatile acidity, color intensity (CI), hue and total polyphenol index (TPI) were analyzed according to the official methods of the EEC [16]. Tartaric acid was determined using the Rebelein method [17] and malic and lactic acid, glycerol and acetaldehyde were determined enzymatically using an autoanalyzer (Miura One, Spain). Free SO2 was determined by automated iodometric titration in acid medium using an Iodo M 920 potentiometer (Oeno-Bio), and the concentration of total SO2 was determined using the same technique, performing previous alkaline hydrolysis of the sample with NaOH 2 N. Total anthocyanins were measured by decoloring using SO2 [18], the ionization index was determined according to the method described by Glories [19] and the polymerization index following the method proposed by Ruiz [20].




2.6. Statistical Analysis


The statistical analysis of the data obtained was carried out with the IBM SPSS Statistics program (version 23). The analysis of variance (ANOVA) was carried out in the parameters studied. Significant differences were established by using the Tukey post-hoc test (p ≤ 0.05)





3. Results and Discussion


3.1. AF Kinetics


The evolution of density throughout AF is shown in Figure 1. As can be observed, during the first 24 h the density remained at the initial values in all treatments. At 72 h, differences began to be observed between the samples, and the wines made by spontaneous fermentation had slower kinetics, especially in the case of sulfite samples (SS), which had a more gradual decrease in density in the early stages. After the sampling at 72 h, when the commercial S. cerevisiae yeast was inoculated in all the wines, a more rapid decrease in density was observed. Despite these differences in the process of AF, all wines finished after 9 days. The slower initial kinetics in spontaneous sulfite fermentations can be explained by the inhibitory effect of sulfur on yeast multiplication. On the other hand, the low-density variation during the first days in the wines inoculated with the NS yeasts and in the non-sulfite spontaneous fermentation could be due to the reduced fermentative power of both the NS inoculum yeasts and the indigenous yeasts present in the first stages of AF.




3.2. Yeasts


3.2.1. Evolution of the Yeast Population during Fermentation


Figure 2 shows the yeast counts (log CFU/mL) performed at different moments of AF. In the early stages of fermentation, the yeast population had a similar evolution in the vinifications studied, increasing from the moment of vatting to 72 h. The sampling carried out 72 h after vatting showed the greatest differences in the yeast population between the different vinifications. In the sulfite wines (SS) the yeast population did not exceed seven logarithmic units, while in wines with spontaneous fermentation without sulfite (S) and wines made with the NS inoculum (TL), the yeast counts showed values above that level. In the sampling carried out at the end of AF (day 9), the yeast population was the same in all treatments.




3.2.2. Yeast Species Present in the Tanks 24 h after Vatting


The results of the identification of the yeast colonies isolated in CGA at 24 h after vatting showed differences in the species and the proportions present in the different vinifications studied (Figure 3). Hanseniaspora (H.) uvarum was found in all samples in different percentages, being the majority species in the two spontaneous fermentations (sulfite and non-sulfite). The other species present in the spontaneous fermentations was Candida (C.) zemplinina. In the sulfite spontaneous fermentations, a reduction of the population of H. uvarum was observed, with a higher presence of C. zemplinina in the samples. This result can be explained by the greater tolerance to SO2 of the C. zemplinina strain present in the must. In the work carried out by Grangeteau et al. [21], a greater tolerance to SO2 was observed in the strains of C. zemplinina included in the study compared to the strains of the Hanseniaspora genus, which is consistent with the results obtained in the present study.



The main species found in the TL samples was L. thermotolerans, one of the yeasts present in the inoculum, followed by those present in the spontaneous fermentations, H. uvarum and Candida zemplinina, and finally, T. delbrueckii, the other species that was part of the mixed inoculum. In wines made with the non-Saccharomyces-mixed inoculum, a significant reduction in the proportion of H. uvarum was observed. Some studies have shown the production of high levels of ethyl acetate and acetic acid by indigenous apiculate yeasts during the early stages of fermentation [22,23], therefore, the reduction of the population achieved with the inoculation would be positive in terms of its bioprotective effect.





3.3. Lactic Acid Bacteria


3.3.1. Evolution of the Lactic Acid Bacteria Population during Fermentation


Figure 4 shows the population of LAB (log CFU/mL) detected at different times of fermentation. At the time of vatting, the population of LAB in the initial must was between four and five logarithmic units. This population is slightly higher than that normally found in the must, which usually ranges between three and four logarithmic units [24,25]. As can be observed in the data obtained in the sampling carried out at 72 h, the effect of the addition of the NS inoculum (TL) on the population of LAB was comparable to that exerted by SO2 (SS). In the samples corresponding to the spontaneous fermentation without sulfite, higher populations of LAB were observed than in the rest of the treatments. In the sampling at the end of AF, the populations of LAB were reduced to equalize, with values around three logarithmic units in all the treatments. This decrease in the population of LAB is due to the colonization of the medium by the inoculated commercial yeasts, which during AF raise the concentration of ethanol and release toxic compounds for bacteria [26].




3.3.2. Lactic Acid Bacteria Present in the Tanks 24 h after Vatting


The results of the identification of the isolates from the samples taken 24 h after vatting indicated that the main species in all the treatments was Pediococcus (P.) pentosaceus (Figure 5). In general, the species of the genus Pediococcus such as P. parvulus, P. inopinatus, P. damnosus or P. pentosaceus are considered spoilage microorganisms, since they can produce excessive amounts of diacetyl, biogenic amines or exopolysaccharides, giving rise to a negative impact on wine quality [27]. However, it is important to note that this negative impact depends on the strain of Pediococcus spp. that is present in the wine since there are studies in which different strains have carried out malolactic fermentation without harming the wines [28,29]. The most abundant genus after Pediococcus in the samples inoculated with NS and in the sulfite samples was Lactococcus (L.), while in the spontaneous fermentations without sulfite it was Lactobacillus (Lb.). Some bacteria of the genus Lactobacillus are considered responsible for the production of biogenic amines, volatile acidity or the appearance of organoleptic defects in wine such as the “mousy” off flavor [30]. The species that have shown the highest levels of these compounds are Lb. hilgardii and Lb. brevis [31], the latter detected in wines made from spontaneous fermentation. In the sulfite vinifications and in those inoculated with NS, the Lactobacillus species that was present in the samples was Lb. plantarum. Different strains of this species have been studied in recent years for their application as microbial starters in malolactic fermentation [32,33,34]. In the case of the vinifications with the NS inoculum, the percentage of P. pentosaceus decreased, and a high percentage of Lactococcus was found, represented by the species L. lactis. On the other hand, in TL samples it was observed a higher presence of genera belonging to other groups such as environmental bacteria.





3.4. Acetic Acid Bacteria


3.4.1. Evolution of the Acetic Acid Bacteria Population during Fermentation


The counts of the bacteria grown in the Mannitol medium are shown in Figure 6. The population of bacteria in the initial must was close to five logarithmic units, which can be considered high, taking into account that in healthy vintages it is usually between two and three logarithmic units [35]. The results obtained in the 24 h sampling show a notable decrease in the population of bacteria in the samples of the spontaneous sulfite fermentation, probably due to the high sensitivity of AAB to SO2. In TL samples, the population remained below five logarithmic units, while the spontaneous fermentation without sulfur (S) had the highest population, with over five logarithmic units. The population of bacteria reached the highest values in the sampling carried out at 72 h. The highest values were those obtained in the spontaneous fermentation without sulfite (S), close to six logarithmic units, followed by the spontaneous sulfite fermentation (SS). The effect of the sulfite could be observed in SS samples, with lower bacterial populations than those detected in the spontaneous fermentation without sulfite. The vinification with the mixed inoculum of NS gave rise to lower bacterial populations than those detected in samples S and SS, which indicates a protective effect comparable to and even greater than that exerted by the addition of SO2. After the sampling was carried out at 72 h, the inoculation with the commercial S. cerevisiae strain and the anaerobic conditions generated during the fermentation caused a decrease in the population of AAB, which remained at values close to two logarithmic units in all treatments at the end of AF.




3.4.2. Acetic Acid Bacteria Present in the Tanks 24 h after Vatting


The identification of the bacteria isolated in the Mannitol medium showed a greater proportion of species belonging to other groups of bacteria than that found in the media for the isolation of LAB. Mainly wine acetic acid bacteria grow in this medium, but some environmental bacteria are also capable of growing in it [24]. In the samples of the spontaneous fermentation with SO2 (SS), the genera belonging to groups different from AAB accounted for a proportion that reached 75% of the identified isolates (Figure 7). The main species found was Tatumella (T.) terrea, with a proportion of 50% of the total isolates. T. terrea is an environmental bacterium that has previously been detected in enological environments such as stored grape pomace [36] or wine [37]. The main AAB genus found in the rest of the samples was Gluconobacter (G.), represented by the species G. oxydans and G. cerinus. This difference between the predominant species in SS samples and the rest of the samples may be due to the effect of SO2. In a study carried out by Takashi et al. [37], in which the microbial diversity in sulfite and non-sulfite wines was evaluated, T. terrea was found in high proportions in both wines, which points to high tolerance to SO2. On the other hand, the inoculation with the NS inoculum (TL) gave rise to a reduction in the proportion of AAB of the Gluconobacter genus with respect to spontaneous fermentation (S), which represented more than 69% of the isolates identified. In TL samples bacteria of the Acetobacter genus were also detected.





3.5. Malolactic Fermentation


MLF monitoring was performed after the inoculation of commercial LAB by analyzing the concentration of malic acid in the wines. The MLF duration was 16 days, with similar kinetics in all the inoculation strategies (Figure 8). In the case of the vinifications with the NS inoculum, the MLF slowed down slightly compared to the two spontaneous vinifications from day 10, possibly due to a higher concentration of lactic acid in the medium produced by L. thermotolerans. This compound, either due to its direct inhibitory effect on the metabolic activity of lactic acid bacteria or due to the consequent drop in pH [25,38,39], could have caused this slowdown in malic acid degradation. However, it did not have a significant influence, since the MLF ended at the same time as in the spontaneous fermentations.




3.6. Characteristics of the Wines


3.6.1. Physical Chemical Parameters


Once the MLF was finished and after a month of stabilization, the wines produced were analyzed. The results obtained showed significant differences between the samples of the different inoculation strategies in parameters such as pH, total acidity, lactic acid, glycerol and acetaldehyde (Table 1). The pH was lower in TL wines, with statistically significant differences compared to the wines from spontaneous fermentations. Total acidity and lactic acid concentration were higher in the case of TL wines, with significant differences with respect to the rest of the wines. These differences can be explained by the production of lactic acid by the yeast of the mixed inoculum L. thermotolerans. In the case of glycerol, the highest concentrations were found in TL and S wines. The NS inoculum yeast T. delbrueckii is capable of producing glycerol [40,41], therefore, its presence in TL wines would explain the highest concentration of this compound. The highest concentrations of acetaldehyde were also found in TL and S wines, with significant differences with respect to wines with spontaneous sulfite fermentation (SS). Nonetheless, the concentration of this compound remained below the perception threshold in all the wines, so it did not compromise the quality of the wine. The lower concentration of this compound in SS wines could be explained by the combination of the added SO2 with acetaldehyde [42], forming a stable compound and giving rise to a lower presence of acetaldehyde in the wine.




3.6.2. Color Parameters


The results of the analysis of the parameters related to color showed differences between the inoculation strategies in most of them, except for the polymerization index (Table 2). The levels of anthocyanins and total polyphenol index (TPI) were higher in SS wines with significant differences compared to TL wines, which could be due to a more intense extraction caused by SO2. The color intensity values were higher in TL wines, with significant differences with respect to SS wines. Color intensity (CI) of anthocyanins is pH dependent [39], which is why the ability of the NS inoculum yeast L. thermotolerans to lower the pH of the wine affects wine color in an important way. TL wines presented a higher anthocyanin ionization index, with significant differences compared to the wines from spontaneous fermentations (S and SS). The ionization index indicates the proportion of anthocyanins that are ionized in the flavylium cation state, contributing to the red color of the wine, which indicates a positive influence of the NS inoculum on this color parameter. The hue values were lower in TL wines, with significant differences compared to the other inoculation strategies, which presented values above 0.7, typical of more evolved wines. This result could also be related to the differences in the pH values between the wines, since, as described by Glories [43], the increase in pH produces an increase in hue.






4. Conclusions


This work was aimed at studying the potential of an NS-mixed inoculum to control the proliferation of spoilage microorganisms in wine. The results showed a bioprotective effect of the NS-mixed inoculum comparable to that of SO2 in the control of populations of LAB and AAB in the early stages of fermentation. In the case of yeasts, the addition of the NS inoculum allowed the control of the proliferation of indigenous apiculate yeasts such as H. uvarum, which can lead to defects in wine.



In previous studies, this inoculum had shown the ability to improve certain parameters related to the quality of red wine [10]. With this study, it was shown that it can also exert an antimicrobial activity similar to that of SO2 in non-sulfite vinifications.
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Figure 1. Evolution of density during AF in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Figure 2. Yeast population (log CFU/mL) throughout AF in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Figure 3. Proportion of yeast species at 24 h after vatting in the in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Figure 4. LAB population (log CFU/mL) throughout AF in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Figure 5. Proportion of LAB species isolated in MRS at 24 h after vatting in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Figure 6. AAB population (log CFU/mL) throughout AF in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Figure 7. Proportion of AAB species at 24 h after vatting in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 






Figure 7. Proportion of AAB species at 24 h after vatting in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2).



[image: Fermentation 08 00337 g007]







[image: Fermentation 08 00337 g008 550] 





Figure 8. Evolution of malic acid concentration during MLF in the different inoculation strategies (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2). 
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Table 1. Values of the physical–chemical parameters analyzed in the wines (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2).
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	SS
	S
	TL





	Ethanol (% v/v)
	12.6
	13.07
	12.87



	pH
	4.14 b
	4.13 b
	3.98 a



	Total acidity
	4.47 a
	4.74 a
	5.82 b



	Volatile acidity
	0.49
	0.50
	0.58



	Tartaric acid (g/L)
	1.49
	1.66
	1.65



	Malic acid (g/L)
	0.10
	0.08
	0.13



	Lactic acid (g/L)
	2.27 a
	2.33 a
	3.63 b



	Free SO2
	40.28
	<5
	<5



	Total SO2
	96.50
	<20
	<20



	Glycerol
	9.0 a
	9.87 b
	9.87 b



	Acetaldehyde
	0.49 a
	3.59 b
	3.00 b







Different letters mean significant differences (p < 0.05).
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Table 2. Values of the parameters related to the color analyzed in the wines (SS: spontaneous sulfite, S: spontaneous without SO2, TL: inoculation with T. delbrueckii/L. thermotolerans at vatting without SO2).
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	SS
	S
	TL





	Anthocyanins (mg/L)
	743.2 c
	673.06 bc
	631.69 ab



	CI
	5.89 a
	7.68 b
	8.04 b



	TPI
	46.27 b
	41.85 ab
	38.83 a



	Hue
	0.792 b
	0.762 b
	0.686 a



	Ionization index (%)
	7.62 a
	12.52 b
	14.81 c



	Polymerization index
	1.24
	1.30
	1.30







Different letters mean significant differences (p < 0.05).
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