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Abstract

:

The enology industry in North Dakota is extremely young, with less than twenty years of existence. At times throughout the development of the North Dakota viticulture and enology industries, commercial wine producers have elected to purchase or store fresh harvested grapes as frozen musts. To investigate the fermentation outcomes related to skin contact for red grapevine musts, a postfreeze fermentation experiment was conducted with fruit from ‘Frontenac’, one of the most widely grown red grapevines in the Upper Midwest U.S. and North Dakota. Four fermentation treatments were applied to frozen ‘Frontenac’ grapevine musts: steam juice extraction, rosé, 1 day after inoculation (DAI) skin contact, and 9 DAI skin contact. Samples were collected daily for ten days and analyzed for fermentation progress and spectrophotometric monitoring of wine color attributes and total phenolics. The final wines were analyzed two years after bottling. Steam-extracted musts were initially darkest; however, they were lighter as final wines than the 9 DAI wines and similar to rosé wines in lightness. Total phenolics were greatest for 9 DAI wines and total red pigments were lowest for steam-extracted wines. While differences between treatments were detected, the wines remained visually similar; this indicates that color extraction within the freeze–thaw processes of musts may obliterate subtly and make it difficult to produce wines of light color when stored under these conditions. Continued work with additional grapevines beyond ‘Frontenac’ may help fine-tune must and fermentation extraction procedures for small-scale wineries growing cold-hardy grapevines.
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1. Introduction


In North Dakota, grapevine production is limited by extreme annual winter events [1,2]. Winter temperatures frequently remain below 0 °C for the majority of the dormant season, with specific climatic freeze events forcing the temperatures to periodically fall below −35 °C. Along with midwinter events, frost and freeze risks occur in both early autumn and spring. These freeze events can cause damage to unacclimated grapevines or kill off new shoots at the start of the new growing season [2,3,4]. To overcome these winter obstacles, grape growers produce vines of diverse genetic backgrounds capable of withstanding the winters in North Dakota; these grapes include Vitis vinifera in small proportions relative to the contributions from V. labrusca, V. amurensis, V. aestivalis, V. rupestris, and especially V. riparia [1,5,6].



‘Frontenac’ is one of the most widely grown grapes in North Dakota [5]. It represented approximately 28% of red wine grapes grown in North Dakota and South Dakota when a recent survey concluded in 2014 [5]. ‘Frontenac’ was bred at the University of Minnesota; it resulted from a cross conducted using a wild grapevine accession, V. riparia #89, pollinated by an interspecific hybrid, ‘Landot noir’ syn. Landot 4511. ‘Frontenac’ gave rise to a bud sport with gray berries, and ‘Frontenac gris’ was subsequently released [7]. ‘Frontenac gris’ is the third most planted white grape in North Dakota and South Dakota; together, they are economically important in many other northern states that produce cold-hardy wine grapes [5,8,9]. ‘Frontenac’ and clonally derived sports of ‘Frontenac’ are valued grapevines for their winter hardiness and relative disease tolerance under certain environmental conditions [3,10,11,12].



Considering the importance of ‘Frontenac’ grapevines to northern viticulture, recent research has focused on methods to improve fruit quality for wine production purposes. Work in North Dakota, Nebraska, and Wisconsin has examined leaf removal and training systems in attempts to alter fruit composition [13,14,15,16,17,18,19]. Research with Frontenac wine has focused on aroma, acids, and descriptive sensory characterization, limited knowledge exists concerning wine fermentation technique influences on wine quality [20,21,22,23]. Examination of pigments and phenolics in ‘Frontenac’ fruit noted undetected differences in seed tannin concentration when compared to ‘Marquette’ and ‘St. Croix’ across two vineyard sites [24]. In recent work, ‘Frontenac’ wine tannin content has been shown to be lower than V. vinifera wines of ‘Cabernet Sauvignon’ and ‘Pinot Noir’ as well as wines of interspecific cold-hardy wine grapes, such as ‘Marquette’ and ‘Petite Pearl,’ based on multiple analytical methods [25]. ‘Frontenac’ wines have been shown to comparable levels of total phenolic compounds when compared to other interspecific wine grape varieties, such as ‘Saberevois’, ‘Marquette’, and ‘Maréchal Foch’; however, for tannin concentration to increase in ‘Frontenac’ musts and wines, tannin additions have been suggested alongside the removal of must from pomace [26,27].



Wine produced from ‘Frontenac’ and ‘Frontenac gris’ berries identified about more than fifty key volatile aroma compounds, which vary by location and harvest time [23,28]. Descriptors for ‘Frontenac’ wines range from dark fruit notes such as blackberry, blackcurrant, and cherry to other descriptors such spice, cedar, earthy, and cooked vegetables [22]. These aromas and flavors are partially dependent on the grapevine itself, but also on enological and viticultural production procedures.



North Dakota wineries have additional obstacles beyond grape production in a harsh, northern climate; there are logistical concerns for wine production and timing. Because most North Dakota vintners and grape growers do not claim grape growing and winemaking as their sole occupation, timing of fermentation and wine processing is often not the primary financial obligation that individuals are faced with [6]. Further, as a result of the industry’s youth, harvests are delayed or advanced to fit the schedule of often-unpaid labor. At times, when harvesting cannot align with an individual winemaker’s schedule, fruit is stored for an extended period in either cooler or freezer storage. In unique circumstances, producers have opted to apply heat to their fruit during the thawing process prior to fermentation processing. This technique of heating frozen musts is utilized on a small scale, and while it may target mimicking the commercial use of flash détente juice extraction, the heat and duration may often be much greater and longer. Thus, to understand more about the fermentation consequences of extraction and maceration techniques on wines from ‘Frontenac’ grapes, we established an experiment to examine the effect of steam extraction and maceration duration on frozen ‘Frontenac’ musts. This study is useful for winemakers as an initial reference for cold-hardy grape wine fermentation starting from frozen grapes as well as for those winemakers employing pre-fermentative heat additions to fruit or must.




2. Materials and Methods


2.1. Fermentation Procedures


In 2018, fruit from individual rows of ‘Frontenac’ grapevines grown at the Absaraka Horticulture Research Farm near Absaraka, ND were pooled to create three field replicates. Replicate musts were treated with sulfur dioxide (SO2) at a rate of 50 ppm using a potassium metabisulfite stock solution. Individual musts from composite field replicates were then stored in 3.785 L food-grade plastic containers at −20 °C for approximately three months until fermentation was conducted in the winter of 2018–2019.



When grape musts were removed from the freezer, 0.264 g/L of an exogenous tannin product (FT Rouge, Scott Laboratories, Petaluma, CA, USA) was added as an antioxidant protectant, and the musts were thawed at 4 °C over a 24 h period. Except for steam extraction musts, samples were removed from refrigeration after becoming homogeneously thawed, then poured into individual 5.30 L glass fermenters (Little Big Mouth Bubbler®, Midwest Supplies, Roseville, MN, USA) where they were allowed to return to room temperature (Table 1). Grape musts of steam wines were directly removed from the freezer, thawed for a 4 h period, then steam-juice-extracted 1 h at 100 °C using a stove-top steam juicer on an electric stove (Euro Cuisine Stove Top Steam Juicer, Stainless Steel, Euro Cuisine, Bell Gardens, CA, USA). The steam-extracted juice was captured into a 3.785 L glass bottle for fermentation, at which point the exogenous tannin was added at a rate of 0.264 g/L. The glass bottle was then sealed, stirred gently to homogenize, and refrigerated until it reached room temperature for fermentation. All the treatments, including rosé, 1 day skin contact, 9 days skin contact, and steam juice extraction, contained three replicates.



Musts were pressed via a 4.73 L capacity, stainless-steel, tabletop screw press with a stainless-steel plate to remove the skins and seeds from the must at specific days according to their treatment specifications; pressure was applied until no further juice was liberated from the pomace. For rosé wines, musts were pressed immediately after reaching room temperature, prior to inoculation with yeast. Other musts were pressed at 1 d (1 DAI) or 9 d (9 DAI) after inoculation. To minimize headspace, after pressing, musts were transferred to a 3.785 L or 1.89 L glass fermenter, depending on volume. When skins were present within the must, the cap was punched twice daily.



Musts were inoculated with Saccharomyces cerevisiae var. cerevisiae yeast (D254, Lallemand Inc., Montreal, QC, Canada) at a rate of 0.264g/L following rehydration in a solution containing a 1:1.25 ratio of yeast-to-yeast rehydration nutrients (Go-Ferm®, Lallemand Inc., Montreal, QC, Canada). One day after inoculation, fermentation was visually confirmed by assessing visible bubbling within the musts. After confirmation of successful inoculation, a yeast nutrient supplement was added at a rate of 0.264g/L (Fermaid® K, Lallemand Inc., Montreal, QC, Canada).



Individual musts were allowed to complete alcoholic fermentation at 21 °C. After completion of alcoholic fermentation, wines were manually racked off their gross lees into argon-purged, sanitized, clear glass fermenters smaller than the vessel utilized in primary alcoholic fermentation.



Wines were stored in these containers for approximately 2 months before bottling. Wines were then manually bottled into argon-purged, 187 mL clear glass bottles fitted with oxygen-scavenging crown caps, and their SO2 was adjusted to 40 ppm using a potassium metabisulfite stock solution. Wines were held in their glass bottles and stored in a cardboard box within a dark cabinet at 21 °C for 2 years following bottling before final wine samples were collected for analysis. Each treatment contained three replicate fermentations.




2.2. Sample Collection


Throughout the first ten days of the fermentation process, samples were collected daily from each vessel in the morning at the first must cap punching each day. Must fermentation samples were collected using individual, sanitized borosilicate glass serological pipets. Samples were captured in 15 mL plastic centrifuge tubes and immediately frozen until analysis.



Final wine samples were collected 2 years following bottling. Samples were extracted from individual glass bottles using sterile 10 mL serological pipets. Samples were transferred into 15 mL plastic centrifuge tubes and either transported to the laboratory for immediate analysis of colorimetric properties or frozen for later analysis using enzymatic assays.




2.3. Sample Analysis


Pre-fermentation samples were analyzed for yeast assimilable nitrogen (YAN) as a composite of primary amino nitrogen (K-PANOPA; Megazyme, Bray, Ireland) and ammonia (K-AMIAR; Megazyme, Bray, Ireland) using manual enzymatic test kits according to the manufacturer’s instructions. Samples were evaluated for tartaric acid and malic acid content enzymatically (K-LMAL and K-TART; Megazyme, Bray, Ireland). Active fermentations were monitored for residual sugar as a composite fructose and glucose using a manual enzymatic test kit (K-FRUGL; Megazyme, Bray, Ireland) according to the manufacturer’s instructions.



Total acidity (expressed as g/L tartaric acid) was monitored using a PAL-BX/ACID2 meter (Atago Co., Tokyo, Japan), and pH was assessed using a pocket pH meter (PAL-pH; Atago Co., Tokyo, Japan).



CIELab color coordinates were calculated with MSCV 7® software according to Ayala et al. (2001), obtaining values for lightness (L*), chroma (C*), hue (h), red-green (a*), and yellow-blue (b*) based on measurements collected from undiluted samples in a 1 mm path length quartz cell measured in a UV-Vis spectrophotometer (GenesysTm 10S UV-Vis Spectrophotometer, ThermoFisher Scientific, Waltham, MA, USA). CIELab color coordinate results were depicted for a 10 mm cell according to OIV recommendations [29].



Assessment of color density (A420nm + A520nm), color intensity (A420nm + A520nm + A620nm), color hue (A420nm/A520nm), degree of red pigment coloration (%) ([A520nm/AHCl 520nm] × 100), total red pigments (AHCl 520 nm), and total phenolics (AHCl 280 nm − 4) were conducted according to Iland et al. [30]. Measurements were conducted using a 1 mm pathlength quartz cell for undiluted wine samples or a 10 mm pathlength polymethyl methacrylate UV-cuvette cell (UV-Cuvette semi-micro, BrandTech® Scientific, Inc., Essex, CT, USA) for samples diluted in 1 M HCl.



Samples of final wines were analyzed two years after bottling for previously described measurements, as well as glycerol and ethanol content (K-GCROL and K-ETOH; Megazyme, Bray, Ireland) using manual enzymatic test kits following the manufacturer’s instructions.




2.4. Statistical Analysis


Statistical analysis was conducted using R software [31]. Field replicates were treated as random effects and wine treatments were treated as fixed effects. For pre-fermentation treatments, data of non-steam-extracted musts were pooled and mean comparisons were conducted using a Student’s t-test at α = 0.05. For final wine samples, mean comparisons were conducted according to Tukey’s HSD at α = 0.05. In all tables, principal component analysis was conducted using the factoextra v1.07 and prcomp function of the stats v3.6.2 package [31,32]. Color data for samples were processed with the colorspace package [33]. Figures were created using the ggplot2 package v0.9.0 [34].





3. Results


3.1. Pre-Fermentation Must Composition


Nonsteamed, control musts did not differ from steam-extracted musts in glucose, fructose, or total fermentable sugar content (Table 1). Similarly, no differences were detected between must acid components (pH, malic, tartaric, or total acidity), YAN, pigment, or phenolic concentrations (Table 2 and Table 3).



Pre-fermentation YAN content did not differ between pre-fermentation treatments, with a range from 184.66 to 193.76 mg/L (Table 4). Similarly, no differences were detected for total red pigments or total phenolics, which indicated that the red pigment absorbance and phenolic amount had no significant differences among steamed and control musts.



Meanwhile, the color of the musts differed for the steam-extracted compared to nonsteamed musts (Table 5). Steam-extracted musts were darker, as indicated by their lower L* value. They also had a lower b* value, indicating that they were more blue and less yellow in pigment than the control musts. Steam samples had lower a* values. C* (chroma values) and h (hue) between the control and steam musts were also significantly different, being lower for steam musts in both instances.




3.2. Fermentation Dynamics


Sugar consumption was slow for the first two days of fermentation (Figure 1). However, fermentation of all musts proceeded rapidly from four days to six days after inoculation, and nearly all sugars were consumed by the tenth day after inoculation. No differences were detected for fermentation rate between the different treatments.



Principal component analysis of sample variance indicated that the first three PCs accounted for over 78 percent of variation among samples (Figure 2). PC1 was influenced by color traits (L*, C*, a*, b*, h, and color density), sugar traits (Brix, Fructose, Glucose, and residual sugar (RS)), and date of sampling. PC2 captured variation contributions from red pigments (RP) in the wine and total phenolics (TP). PC3 was composed of acid traits (pH and TA), h, and degree of red pigment coloration.



PC1 and PC2 combined for over 68 percent of variation (Figure 3). When visualized, they depict the negative relationship between sugar traits and date in relation to fermentation consumption of sugar components (glucose, fructose, and their cumulative sum of residual sugar). They also capture the negative relationship between color components such as color density compared to pH.



Investigating the relationship between fermentation date and L*, all wines became lighter as fermentation proceeded (Figure 4). Steam wines were initially the darkest musts, as measured by L*. However, by the completion of alcoholic fermentation, steam wines were only differentiated from rosé at ten days after inoculation.




3.3. Final Wine Composition


Final wines did not differ significantly for acid attributes (Table 6). Values for pH ranged between 3.35 and 3.43, while total acidity was between 6.40 and 7.20 g/L. Malic acid was the dominant acid in all wines, and there were no significant differences among the fermented products.



Ethanol was above 10 % for all wines and glycerol ranged between 7.27 and 9.22 g/L with no significant trends of treatment effect (Table 7).



Color density was greatest for the 9 DAI wines and lowest for the rosé and steam wines (Table 8). Color intensity followed a similar ranking: it was greatest for the 9 DAI wines, followed by the 1 DAI wines. Color intensity was lowest for the rosé and steam wines. Color hue and degree red pigment (%) did not differ among treatments. Color hue remained near 1.00 (min = steam, 0.94; max = 9 DAI, 1.06). The final wine colors indicated that the treatments caused significant differences in wine color density and intensity.



In the final wines, both the total red pigments and the total phenolics were reduced for the steam treatment relative to the 9 DAI wines (Figure 5). Steam wines had the lowest total red pigments (21.45 AU) and the numerically lowest total phenolics (35.09 AU). The 9 DAI wines had the greatest total phenolic content (43.44 AU).



Rosé and steam wines were the lightest L* values (Table 9), while 9 DAI was the darkest (16.73). This is visually reflected in the relative darkness of mean wine colors. It followed that the 9 DAI wine had the lowest a* and b* values while the rosé wine had the greatest. Likewise, the C values for 9 DAI was lower than the rosé, but similar to the steam and 1 DAI wines. For steam wines, all mean CIELAB color space values were similar to the 1 DAI wines, while the L* and h° values were also similar to the rosé wines.





4. Discussion


The final wine total acidity mainly came from malic acid. In ‘Frontenac’, tartaric acid, which would be anticipated to be present in similar concentrations as the malic acid within musts, may be reduced within the musts by the freezing processes. Further work is required to understand to what extent the tartaric acid redissolves into solution or if wine starting with frozen musts benefits from separation from excess tartaric acid prior to fermentation. However, it may be beneficial if musts undergo a pre-fermentation cold stabilization process with musts separated from tartaric acid crystals. On one hand, this reduces the TA of juices leading to a seemingly riper must when compared to the typical TA of North Dakota grape musts [1,13,20]. Yet, on the other hand, this reduction is artificial, reducing only the tartaric acid component, an acid which is already precipitated and removed through typical local winemaking practices such as cold stabilization [20]. Thus, winemaking practices to reduce malic acid, such as malic-acid-consuming yeast selection and malic-acid-degrading bacteria addition, must still be considered thoroughly, despite the seemingly lower TA must.



The initial must color of steam-extracted wines increased relative to the non-steam-extracted treatments in our research. This was similar to observations with four French–American hybrid wine grape cultivars [35]. However, Sims and Morris [35] note that while color and flavor became more stable for ‘Chancellor’, within white grapes (‘Aurore’, ‘Seyval’, ‘Vidal’) the flavor and color quality were decreased.



Advanced technologies might require further examination for cold-hardy grape fermentation. Heat-based wine extraction processes such as thermovinification and flash release hold opportunities for achieving winemaking goals [36,37]. Thermovinification methods can increase the total phenolic content in wines [37]. Flash Détente systems are utilized commercially within the juice and wine industry [38,39,40]. While it concentrates, Flash Détente involves rapid heating followed by vacuum pressure and cooling [41]. These systems are not currently applied for North Dakota’s scale of wineries. Until thoroughly understood, commercial use of heat extraction procedures is limited in cold-hardy grapes.



Flash Détente processes have potential benefits for some grapes grown in the Upper Midwest as they may aid in phenolic extraction and obliteration of negative aromatic compounds. negative aromatic compounds, such as methoxypyrazines, are oftentimes found in high quantities for certain grapevines derived from native V. riparia lineages. Heat treatment has been demonstrated to remove pyrazine taints associated with Coccinellidae insects such as the seven-spot ladybeetle (Coccinella septempunctata) and the multicolored Asian lady beetle (Harmonia axyridis) [42,43,44,45,46].



In this research, steam-extracted musts were initially much darker than other musts; however, this darkness was not retained into the final wine. The final steam wines were similar to the rosé wines in most attributes monitored. The phenolics and anthocyanin content and specific make-up require further study to evaluate the steam procedure effects on musts and final wines. Addition of the steamed pomace back into the must may enable more color, red pigment, and phenolic extraction to occur, but may also reduce tannin content in final wines; this may be investigated in future studies [26]. However, if applying these techniques to the production of wines, further research must be conducted to evaluate the consequences of steam extraction on sensory attributes and aromatic compounds. The re-addition of cooked pomace may lead to undesirable sensory outcomes but may need further research to study it.



The action of steam extraction might bring out sensory descriptors such as jammy, cooked vegetable, and earthy rather than the other previously used fresh fruit attributes for ‘Frontenac’ [22]. Steam extraction and heating of must at a high temperature for a short amount of time may play a role in improving must sanitation and food safety; however, this experiment did not delve into the role of temperature on the presence of microorganisms or their compounds. For ‘Concord’ grape juice, a reduction in ochratoxin A was observed for steam-extracted juices when compared to untreated musts [47]. The researchers found an increase in juice phenolic acids, flavonols, anthocyanins, and color intensity followed by extended steam extraction time periods. Similar work demonstrated that steam extraction of ‘Isabel’ results in darker musts, measured by L* values [48]. Not only were ‘Isabel’ steam-extracted juices darker, but they also contained higher quantities of hydrolyzable phenolics, soluble phenolics, and total anthocyanins than juices derived from extractors, juicers, or blenders. Hot-pressed juices and wines of ‘Chambourcin’ had increased color intensity compared to immediately pressed wines or extended skin fermentation wines (7, 13, or 21 days skin contact) [49]. This was reflected in the phenolic compound content of ‘Chambourcin’ heat-pressed wines as well. Ultimately, treatment effects likely differ for other grapevines, and they should be evaluated in the gamut of different cold-hardy grapevines grown locally.



In our study, the extended skin maceration had increased the total phenolics and color pigments. From publications, extended skin maceration times are associated with increased anthocyanin content, color, and phenolic compound content [49,50,51,52,53]. Yet, interestingly, pomace contact has been shown to limit the tannin content in final wines of ‘Frontenac’ [26]. This phenomenon is not unique to ‘Frontenac’. Within wine grapes, especially hybrid wine grapes, exogenous tannin addition is common due to innately low tannin content or protein precipitation of tannins within juices, musts, and wines [54,55,56,57,58]. This is another factor that may require future evaluation.



Frozen ‘Frontenac’ fermentation in our research provided some information about the application of frozen grapes. The effect of freezing and thawing warrants examination. Researchers have proposed the use of a freeze–thaw method to artificially increase the phenolic ripeness of grape seeds [59,60]. This may provide an alternative to enological tannin additions in underripe grapes grown in northern climates [61].



The cumulative results of this research indicate that extending skin contact following must freezing consequentially alters red pigment and phenolic extraction with differences in final wine color. However, the rosé wines, though distinguishable, remained quite similar to the wines that had extended fermentative skin contact. For this reason, freezing of musts with pomace cannot be recommended for producers targeting lighter final wine colors. Additionally, this study did not examine the effects of freezing, skin contact, or steam extraction on white wine musts or pomace. Yet, local producers may be able to retain white wine pomace through this process to increase production through later cofermentation with red grapes [62]. This technique would have the benefit of artificially supplementing yield for value-added local red wine production while also potentially reducing the acid content of red wine musts that frequently have a TA above 10 g/L and a pH below 3.2 [1,13,14,20,63].



Future work should consider examining the effect of freezing compared to fresh must fermentation with cold-hardy grapes following the example of previous work in V.vinifera [64]. Similarly, within cold-hardy wine grapes, maceration should be more thoroughly examined within fresh grapes to identify and quantify benefits and drawbacks associated with temperature, duration, enzyme additions, and exogenous tannins. Aromatic compound quantification, aging studies of wines in bottle, and sensory evaluation of wines made with varying styles from grapes adapted to the cold winters of North Dakota will increase the suitability of winemaking procedures for the young industry. Typical winemaking practices for many local North Dakota wineries mimic those published for V. vinifera grapevines—specifically, extended skin contact times; yet, to fully maximize local wine quality, regional winemaking practices must be developed, improved, and deployed to match local grape options, thus meeting the needs of wineries and consumers.




5. Conclusions


In conclusion, our research indicated that four different must treatments on frozen ‘Frontenac’ musts contributed to the variation of color attributes and total phenolics. However, the treatments did not significantly influence the progress of the fermentation processes. The daily monitoring and analysis indicated that steam extraction produced the darkest musts initially, but did not necessarily produce darker wines. Extended maceration contributes to the highest level of total phenolics in wines made from frozen ‘Frontenac’ musts, yet this may fail to capture the impact on perception of tannins in wines. With the continued examination of advanced methodologies on cold-hardy grape fermentation, further progress is anticipated that will enhance grower and winemaker application of new techniques for quality wine fermentation.
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Figure 1. Reduction in sugars across fermentation date for fermenting ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments (bars indicate standard error of the mean for individual treatments, n = 3). 
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Figure 2. Scree plot (A) and trait contributions to PC1 (B), PC2 (C), and PC3 (D) of wine across fermentation dates for fermenting ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments. Red line indicates traits significantly contributing to PC1, PC2 and PC3. Abbreviations: a = a* (green-red); b = b* (blue-yellow); C = C* (chroma); CD = color density; CH = color hue; Date = date of fermentation; DRP = degree red pigment coloration %; h = hue; L = L* (lightness); RP = total red pigments; RS = residual sugar; TA = total acidity; TP = total phenolics. 
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Figure 3. Depiction of principal component analysis: (A) loading plot and (B) biplot of individual sample values plotted along PC1 and PC2 for wine across fermentation date of fermenting ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments (circle= 1 DAI; square= 9 DAI; diamond = Rosé; triangle= steam). Abbreviations: a = a* (green−red); b = b* (blue−yellow); C = C* (chroma); CD = color density; CH = color hue; Date = date of fermentation; DRP = degree red pigment coloration %; h = hue; L = L* (lightness); RP = total red pigments; RS = residual sugar; TA = total acidity; TP = total phenolics. 
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Figure 4. Lightness (L*) of wine across fermentation date for fermenting ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments (circle= 1 DAI; square= 9 DAI; diamond = Rosé; triangle= steam; bars indicate standard error of the mean for individual treatments, n = 3). 
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Figure 5. Box plots of total red pigments (A) and total phenolics (B) in final ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments. Treatments labeled with the same letters are not significantly different according to Tukey’s HSD at α = 0.05. 
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Table 1. Treatment descriptions for ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments.
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	Treatment
	Pre-Fermentation Treatment
	Skin Contact





	Rosé
	None
	0 days on skin fermentation



	1 DAI
	None
	1 day on skin fermentation



	9 DAI
	None
	9 days on skin fermentation



	Steam
	Steam juice extraction
	0 days on skin fermentation
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Table 2. Pre-fermentation sugars for ‘Frontenac’ frozen musts based on two pre-fermentation treatments.
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Pre-Fermentation Treatment

	
Glucose (g/L)

	
Fructose (g/L)

	
Fermentable Sugars (g/L)






	
Control

	
105.66

	
±1.77 ns 1

	
78.27

	
±0.22 ns

	
183.94

	
±1.87 ns




	
Steam

	
102.47

	
±1.57

	
76.62

	
±2.48

	
179.10

	
±2.45




	
F ratio

	
0.9535

	
1.5162

	
1.8316




	
p

	
0.3519

	
0.2464

	
0.2057








1 Means followed by the same letter within columns are not significantly different according to Student’s t-test at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates.
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Table 3. Pre-fermentation acid attributes for ‘Frontenac’ frozen musts based on two pre-fermentation treatments.
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Pre-Fermentation Treatment

	
pH

	
Malic (g/L)

	
Tartaric (g/L)

	
Total Acidity (g/L)






	
Control

	
3.48

	
±0.03 ns 1

	
6.36

	
±0.22 ns

	
0.47

	
±0.05 ns

	
6.4

	
±0.2 ns




	
Steam

	
3.41

	
±0.02

	
6.32

	
±0.42

	
0.48

	
±0.08

	
6.0

	
±0.1




	
F ratio

	
1.3399

	
0.2551

	
0.0071

	
1.9149




	
p

	
0.2739

	
0.9832

	
0.9343

	
0.1965








1 Means followed by the same letter within columns are not significantly different according to Student’s t-test at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates.
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Table 4. Pre-fermentation YAN, pigments, and phenolics for ‘Frontenac’ frozen musts based on two pre-fermentation treatments.
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Pre-Fermentation Treatment

	
YAN (mg/L)

	
Total Red Pigments (AU)

	
Total Phenolics (AU)






	
Control

	
193.76

	
±5.22 ns 1

	
38.51

	
±1.80 ns

	
35.03

	
±1.44 ns




	
Steam

	
184.66

	
±2.97

	
46.90

	
±4.62

	
40.44

	
±3.59




	
F ratio

	
0.9239

	
4.3746

	
2.8962




	
p

	
0.3591

	
0.0630

	
0.1196








1 Means followed by the same letter within columns are not significantly different according to Student’s t-test at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates.
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Table 5. Pre-fermentation color attributes for ‘Frontenac’ frozen musts based on two pre-fermentation treatments.
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Pre-Fermentation Treatment

	
L*

	
a*

	
b*

	
C*

	
h

	
Average Color of Musts






	
Control

	
14.08

	
±0.83 a 1

	
44.74

	
±0.95 a

	
23.08

	
±1.23 a

	
50.38

	
±1.41 a

	
27.13

	
±0.76 a

	




	
Steam

	
3.70

	
±1.44 b

	
23.91

	
±3.85 b

	
6.31

	
±1.272 b

	
24.74

	
±4.05 b

	
14.59

	
±0.57 b

	




	
F ratio

	
39.1374

	
63.2206

	
53.0277

	
61.2935

	
80.8323

	




	
p

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	








1 Means followed by the same letter within columns are not significantly different according to Student’s t-test at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates. 
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Table 6. Final wine acid attributes two years after bottling for ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments.
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Treatment

	
pH

	
Total Acidity (g/L)

	
Tartaric Acid (g/L)

	
Malic Acid (g/L)






	
1 DAI

	
3.35

	
±0.04 ns 1

	
7.20

	
±0.16 ns

	
0.77

	
±0.03 ns

	
5.73

	
±0.04 ns




	
9 DAI

	
3.36

	
±0.05

	
7.07

	
±0.34

	
1.33

	
±0.23

	
5.73

	
±0.36




	
Rosé

	
3.41

	
±0.02

	
7.07

	
±0.04

	
0.92

	
±0.27

	
5.72

	
±0.33




	
Steam

	
3.43

	
±0.06

	
6.40

	
±0.48

	
1.48

	
±0.30

	
6.33

	
±0.32




	
F ratio

	
0.6194

	
1.8196

	
1.5752

	
0.6926




	
p

	
0.6276

	
0.9822

	
0.0818

	
0.5893








1 Means followed by the same letter within columns are not significantly different according to Tukey’s HSD at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates.
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Table 7. Final wine ethanol and glycerol content two years after bottling for ‘Frontenac’ wines produced from frozen musts using four skin extraction treatments.
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Treatment

	
Ethanol

	
Glycerol






	
1 DAI

	
10.22

	
±0.18 ns 1

	
7.98

	
±0.28 ns




	
9 DAI

	
10.18

	
±0.32

	
7.28

	
±0.81




	
Rosé

	
10.20

	
±0.43

	
7.27

	
±0.66




	
Steam

	
10.40

	
±0.28

	
9.22

	
±1.35




	
F ratio

	
0.0796

	
0.9982




	
p

	
0.3124

	
0.4478








1 Means followed by the same letter within columns are not significantly different according to Tukey’s HSD at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates.
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Table 8. Final wine color density, color intensity, color hue, and degree red pigmentation in final ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments.
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Treatment

	
Color Density (AU)

	
Color Intensity (AU)

	
Color Hue

	
Degree Red Pigment (%)






	
1 DAI

	
7.57

	
±0.19 ab 1

	
8.24

	
±0.20 ab

	
0.99

	
±0.06 ns

	
14.12

	
±0.05 ns




	
9 DAI

	
8.19

	
±0.47 a

	
8.98

	
±0.54 a

	
1.06

	
±0.04

	
15.84

	
±1.78




	
Rosé

	
5.89

	
±0.31 b

	
6.45

	
±0.33 b

	
0.98

	
±0.03

	
11.48

	
±1.11




	
Steam

	
5.93

	
±0.61 b

	
6.53

	
±0.65 b

	
0.94

	
±0.03

	
15.00

	
±1.22




	
F ratio

	
7.5023

	
7.3262

	
1.5304

	
2.3162




	
p

	
0.0015

	
0.0017

	
0.2374

	
0.1065








1 Means followed by the same letter within columns are not significantly different according to Tukey’s HSD at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates.
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Table 9. Final wine color (CIELAB color space) two years after bottling for ‘Frontenac’ wines produced from frozen musts using four different skin extraction treatments.
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Treatment

	
L*

	
a*

	
b*

	
C*

	
h

	
Average Color of Wines






	
1 DAI

	
19.47

	
±1.77 bc 1

	
50.25

	
±1.57 b

	
32.81

	
±2.11 ab

	
60.02

	
±2.37 b

	
33.15

	
±1.10 ab

	




	
9 DAI

	
16.73

	
±2.29 c

	
47.62

	
±0.98 c

	
28.47

	
±2.99 c

	
55.54

	
±2.22 c

	
30.71

	
±2.31 b

	




	
Rosé

	
22.27

	
±1.15 a

	
53.21

	
±0.48 a

	
36.67

	
±1.83 a

	
64.63

	
±0.94 a

	
34.59

	
±1.59 a

	




	
Steam

	
22.47

	
±3.07 ab

	
50.56

	
±1.05 b

	
32.64

	
±1.86 b

	
60.19

	
±1.89 b

	
32.78

	
±0.97 ab

	




	
F ratio

	
12.4763

	
23.7118

	
11.9848

	
19.8318

	
5.5506

	




	
p

	
<0.0001

	
<0.0001

	
0.0002

	
<0.0001

	
0.0071

	








1 Means followed by the same letter within columns are not significantly different according to Tukey’s HSD at α = 0.05; ns = not significant. Values are listed as mean ± standard error of replicates. 
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