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Abstract

:

Uninoculated wines are regarded as having improved mouthfeel and texture and more complex flavor profiles when compared to wines inoculated with commercial S. cerevisiae strains. Uninoculated fermentation involves a complex microbial succession of yeasts and bacteria during fermentation. Microbial population dynamics are affected by several factors that can ultimately determine if a particular species or strain contributes to wine aroma and flavor. In this work, we have studied the effect of aeration, a common winemaking practice, on the yeast microbiota during uninoculated Chardonnay wine fermentation. The timing of aeration and then aeration intensity were evaluated across two successive vintages. While the timing of aeration significantly impacted fermentation efficiency across oxygen treatments, different levels of aeration intensity only differed when compared to the non-aerated control ferments. Air addition increased the viable cell population size of yeast from the genera Hanseniaspora, Lachancea, Metschnikowia and Torulaspora in both vintages. While in 2019, a high relative abundance was found for Hanseniaspora species in aerated ferments, in 2020, T. delbrueckii was visibly more abundant than other species in response to aeration. Accompanying the observed differences in yeast community structure, the chemical profile of the finished wines was also different across the various aeration treatments. However, excessive aeration resulted in elevated concentrations of ethyl acetate and acetic acid, which would likely have a detrimental effect on wine quality. This work demonstrates the role of aeration in shaping yeast population dynamics and modulating a volatile profile in uninoculated wines, and highlights the need for careful air addition to avoid a negative sensory impact on wine flavor and aroma.
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1. Introduction


Modern commercial winemaking is predominantly performed using pure starter cultures of wine yeast. Inoculation with starter cultures artificially establishes a dominant yeast population at the onset fermentation and enables the production of predictable and reliable wines with largely known quality criteria. Alternatively, grape must will progress through the fermentation process without inoculation, a production practice known as uninoculated, wild or spontaneous fermentation. Here, fermentation relies on the combined activity of a complex microbiota that include those indigenous to the vineyard that are co-harvested with the grapes and those that are resident in the winery. Although the highly variable microbial composition of uninoculated fermentation is accompanied by a higher risk of incomplete fermentation and spoilage, wines fermented this way are associated with distinct and diverse sensory attributes, such as improved mouthfeel and texture and more complex flavor profiles compared to wines inoculated with Saccharomyces cerevisiae [1,2,3,4].



In the early stages of an uninoculated fermentation, yeasts and yeast-like fungi of the genera Aureobasidium, Rhodotorula, Pichia, Candida, Hanseniaspora and Metschnikowia represent the majority of the microbiota present in grape must [5]. Most of these yeasts decline early after the commencement of fermentation, primarily in response to declining oxygen levels and increasing ethanol concentrations [6,7,8]. Mildly fermentative yeasts, such as Hanseniaspora spp., Starmerella bacillaris, Torulaspora delbrueckii, Metschnikowia pulcherrima and Lachancea thermotolerans, are able to survive well into the early stages of fermentation but generally decrease in numbers as ethanol concentration increases further, and ultimately, the microbial composition of the ferment converges toward the major wine yeast S. cerevisiae [9,10,11,12].



Several factors can affect population dynamics during wine fermentation, including vineyard geography, environment and management practices, harvest timing, juice/must processing, fermentation conditions and microbial interactions [13,14,15,16,17]. These factors will alter yeast growth and/or metabolism and can influence whether a particular species or strain contributes to wine aroma and flavor. The addition of the antimicrobial compound sulfur dioxide (SO2) prior to the initiation of fermentation is a widely used practice in modern winemaking. SO2 addition has been shown to impact the growth of yeast species during wine fermentation [16,18,19,20]. Recently, the addition of SO2 was shown to select against many non-Saccharomyces species, while increasing selection for the species Hanseniaspora osmophila in uninoculated Chardonnay ferments [21]. This positive selection was observed at certain SO2 concentrations and it was associated with significant changes in the volatile composition of the resulting wines.



Similarly, aeration during fermentation is a common winemaking practice. In white wines, air addition during fermentation has a positive effect on yeast growth, viability and fermentation efficiency [22,23,24,25]. The timing of aeration can also affect fermentation performance, with the addition of air being most beneficial when applied towards the end of the yeast exponential growth phase [26,27]. In addition, aeration can affect the formation of volatile yeast metabolites [25,28,29,30], and in red wines, can modify tannin composition [31] and reduce or eliminate the concentration of volatile sulfur compounds [32]. However, most of these observations have been made in ferments inoculated with S. cerevisiae. Given this limitation, it is unclear if these results can be extrapolated to the management of the complex ecology of uninoculated fermentations.



In this work, the effect of aeration on yeast populations during uninoculated Chardonnay wine fermentation was explored in two successive vintages. In the first vintage (2019), the effect of aeration timing relative to the day of grape crushing was assessed, while in the second vintage (2020), the effect of aeration intensity (different air flow rates) applied at the same time relative to grape crushing was evaluated. Meta-barcoding (phylotyping) analysis was used to assess yeast population dynamics, and the main changes to wine chemical composition were evaluated.




2. Materials and Methods


2.1. Fermentation


Commercial, high-solids Chardonnay juice (not pre-treated with SO2 during harvesting or processing) was obtained directly after destemming and crushing from Yalumba wineries (Barossa Valley, South Australia) during the 2019 and 2020 vintages. The juice was transferred to sterile 2L Schott bottles, which were sealed with airlocks and incubated at 18 °C. Ferments were continuously stirred at 250 rpm using magnetic stirrers. To assess the impact of aeration on yeast populations, four different aeration treatments were evaluated in each vintage.



In 2019, the timing of aeration was assessed as follows:




	
Control, no aeration provided.



	
Air_24 h, aeration at 6 mL/min 24 h after crushing, aeration continued for 24 h.



	
Air_48 h, aeration at 6 mL/min 48 h after crushing, aeration continued for 24 h.



	
Air_72 h, aeration at 6 mL/min 72 h after crushing, aeration continued for 24 h.








Total oxygen exposure was not statistically different between 2019 aerated ferments (Table S1).



In 2020, the level of aeration was assessed as follows:




	
Control, no aeration provided.



	
Air_low, 24 h after crushing, aeration at 18 mL/min for 48 h.



	
Air_medium, 24 h after crushing, aeration at 25 mL/min for 24 h and then 35 mL/min for another 24 h.



	
Air_high, 24 h after crushing, aeration at 50 mL/min for 24 h and then 70 mL/min for another 24 h.








Total oxygen exposure for 2020 aerated treatments is indicated in Table S1.



Sterile filtered air (0.22 µm, Millipore, Burlington, MA, USA) was sparged into the juice with a 0.2 µm stainless-steel diffuser (Mott Corporation, Farmington, CT, USA). The aeration rate for each bottle was controlled using a 0–250 mL/min needle valve flow meter connected to a secondary line regulator (Gascon BOC, Melbourne, Australia). The dissolved oxygen concentration in each bottle was monitored with a trace range luminescent robust probe (OXROB25-CL4, PyroScience, Aachen, Germany). All ferments were performed in triplicate. Samples were taken daily for analysis until the end of fermentation (<2 g/L of residual sugars). Although some ferments proceeded faster than others, all ferments were sampled for meta-barcoding at similar sugar concentrations (Table S2). In addition to meta-barcoding, samples were also plated onto Wallerstein Laboratory nutrient agar (Amyl Media Pty Ltd., Dandenong, Australia) and L-lysine medium (Oxoid, Hampshire, UK) to estimate the total and non-Saccharomyces yeast numbers, respectively. The composition of the 2019 juice was: sugar 220 g/L, yeast assimilable nitrogen (YAN) 412 mg N/L, titratable acidity (TA) 6.0 g/L and pH 3.41, whereas the composition of the 2020 juice was: sugar 205 g/L, YAN 350 mg N/L, TA 7.1 g/L and pH 3.42.




2.2. Analytical Techniques


Wine density, specific gravity, pH, volatile acidity, alcohol concentration and titratable acidity were determined using a Foss WineScan FT 120 as described by the manufacturer (Foss, Hillerød, Denmark). The concentrations of residual sugar, glycerol, malic, tartaric and citric acids and ethanol were measured by high-performance liquid chromatography (HPLC) using a Bio-Rad HPX-87H column as described previously [33]. Ammonia and free α-amino acid nitrogen were determined enzymatically using the Ammonia Enzymatic Test Kit and the Primary Amino Acid Nitrogen Test Kit, respectively (Vintessential Laboratories, Orange, Australia) according to the manufacturer’s instructions, and using a GalleryTM Discrete Analyser (Thermo Fisher Scientific, Waltham, MA, USA). Analysis of higher alcohols and acetate and ethyl esters was performed by Metabolomics Australia (Adelaide) using gas chromatography-mass spectrometry (GCMS) with stable isotope dilution analysis (SIDA) as previously described [34]. Low molecular weight sulfur compounds (LMWSC) were determined by using headspace cool-on-column gas chromatography coupled with a sulfur chemiluminescence detector (HS-COC-GC-SCD) [35].




2.3. Determination of Microbial Populations


Proportions of each yeast strain were assessed using amplicon-based internal transcribed spacer (ITS) phylotyping as described previously [36,37]. Total DNA was isolated from each sample using the DNeasy PowerFood Microbial kit (Qiagen, Hilden, Germany). Bead-beating was carried out using a combination of 0.1 mm and 0.5 mm zirconia/silica beads (BioSpec Products, Oklahoma, OK, USA) in a Precellys Evolution homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) at 8000 RPM for 4 × 60 s. Then, 1.0 ng of total DNA from each sample was subjected to a two-step PCR process that amplifies a portion of the fungal ribosomal ITS1 region while adding both custom in-line barcodes and sequences necessary for Illumina sequencing (including compatible Illumina dual-indexes) using the BITS/B58S3 primer set [36]. Sequencing was performed using 2 × 300 bp chemistry (Ramaciotti Centre for Functional Genomics, Sydney, Australia). Following sequencing, paired-end reads were quality trimmed (Trimmomatic v0.38) [38], adaptor trimmed (Cutadapt v1.16) [39] and merged into single synthetic reads (FLASH2 v2.2.00) [40]. Merged reads were de-replicated (USEARCH v10.0.240) [41] and clustered (Swarm v2.2.2) [42] into operational taxonomic units (OTUs) as presented previously [37]. Taxonomic annotation was performed against the UNITE database (qiime_ver8_dynamic_02.02.2019) using a 98% similarity cut off, assign_taxonomy.py module of QIIME v1.9.1 [43]. Abundances for all fungal OTUs identified in 2019 and 2020 wines are listed in Tables S3 and S4, respectively. Raw reads are available from the BioProject website (accession number PRJNA727920).




2.4. Data Analysis


Data analysis and graphical representation for yeast populations were performed using the R packages phyloseq [44], vegan [45], microbiome [46] and ggplot2 [47] in R version 4.0.2 [48]. Samples were filtered for read depth (1000 reads minimum) and OTUs were filtered by abundance (0.001% minimum). OTU counts were then standardized to the median sequencing depth and then proportionally normalized by dividing the genus level OTU count by the sum of all OTUs within a sample. Distance-based redundancy analysis (DBRDA) was undertaken using the proportionally normalized data with aeration and fermentation time points as major factors (vegan::dbrda [formula = ~Treatment * Time_point, dist = bray]). Analysis of variance (ANOVA) was run on the resulting DBRDA analysis using the function aov from the R package stats [48]. Cell concentrations for individual genera and species during fermentation were estimated by dividing the proportional abundance for each genus by the total yeast viable cell count as determined by plating.



Assessment of chemical composition in response to aeration was undertaken using ANOVA and Tukey’s multiple comparisons test (alpha = 0.05) using the functions aov and HSD.test from the R packages stats [48] and agricolae [49], respectively. Principal component analysis (PCA) was performed to reduce the dimensionality of data and to visualize differences between samples. Data were normalized to unit variance using the PCA function from the R package FactoMineR [50].



Total oxygen exposure was estimated from dissolved oxygen values as follows: data were smoothed using the function frollmean from the package data.table [51] with a rolling window size of 20. Smoothed data were then baseline corrected using the function baseline.fillPeaks from the package baseline [52]. The total oxygen exposure of each ferment was estimated by calculating the area under the smoothed, baseline-corrected curve using the function pk.calc.auc.all from the package PKNCA [53] and given as mg/L × h.





3. Results


The effects of aeration on yeast community structure during fermentation and the chemical composition of Chardonnay wine were assessed in two consecutive vintages. In 2019, the effect of aeration timing was evaluated by sparging air at a fixed flow rate for 24 h with aeration treatments starting 24, 48 or 72 h after grapes were crushed. In 2020, the effect of aeration intensity was evaluated by sparging at three different air flow rates while keeping aeration timing and duration constant (see Materials and Methods for details).



3.1. Aeration Reduces the Duration of Fermentation


For the 2019 vintage wines, the timing of aeration had a clear effect on fermentation kinetics (Figure 1A). Fermentation duration decreased upon aeration, with the effect magnified by aeration later in the fermentation process. Whereas when control ferments were completed after 25 days, ferments aerated at 72 h finished fermentation after only 13 days and those treated at 48 h and 24 h finished after 15 and 18 days, respectively. Ferment samples taken at similar sugar concentrations across the different ferments were plated to compare total yeast and non-Saccharomyces yeast populations at four similar stages during fermentation (Table S2). Aeration enabled them to sustain a high total yeast concentration in the later stages of fermentation (Figure 1C). Thus, at 80% sugar consumption, the concentration of yeast in non-aerated ferments decreased to 2 × 107 cfu/mL, while in aerated ferments, yeast concentration remained at ~108 cfu/L. A large part of this differences in microbial abundance could be attributed to higher numbers of non-Saccharomyces yeasts (Figure 1E). Similar yeast counts were obtained regardless of aeration timing, with air addition producing cell counts nearly five times higher than in control ferments.



For the ferments from the 2020 vintage, aeration was also shown to decrease fermentation duration relative to non-aerated ferments, but there were no further differences in ferment duration associated with modulating aeration intensity (Figure 1B). All aerated ferments finished in 11–12 days, whereas the control ferments required an additional 3–4 days (15 days total fermentation time). Aeration also supported higher total and non-Saccharomyces yeast concentrations later in fermentation, while aeration intensity correlated with total yeast counts (Figure 1D,F). Thus, ferments aerated at low, medium and high intensities reached 2 × 108 cfu/mL, 4 × 108 cfu/mL and 5 × 108 cfu/mL at 85 % sugar consumption, which was respectively 5-, 10- and 12-times higher than control ferments.




3.2. Yeast Populations Are Subtly Shaped by the Timing of Aeration


In non-aerated ferments, yeast populations transitioned from more complex to less complex compositions over the duration of the ferment. At the beginning of fermentation (T1), four genera accounted for approximately 70% of the yeast populations. Aureobasidium, Cladosporium, Epicoccum and Hanseniaspora were the prominent genera in 2019, while in 2020, Metschnikowia replaced Hanseniaspora in the list of prominent genera (Figure 2 and Figure 3). By the time 20% of the sugar had been consumed (T2), 90–95% of the population comprised just three genera (Hanseniaspora, Saccharomyces and Torulaspora) with Hanseniaspora accounting for more than 75% and 60% of the population in 2019 and 2020, respectively. As fermentation continued toward completion, Saccharomyces species progressively increased their dominance in non-aerated ferments such that by the time 85% of sugar had been consumed (T4), this genus represented 40% and 50% of the population in 2019 and 2020, respectively (Figure 2 and Figure 3).



Aeration altered yeast community composition relative to non-aerated ferments in both vintages, particularly in the abundance of specific genera within yeast populations. In the 2019 experiment, the timing of aeration relative to grape crush was evaluated. Aeration within 48 h of grape crush favored the growth of Hanseniaspora and Torulaspora (Figure 2). To study yeast population changes in more detail, total yeast counts and microbial profiling data were combined to estimate cell concentrations for individual genera and species during fermentation. In 2019, the estimated concentrations of Hanseniaspora, Lachancea, Torulaspora and Kazachstania were higher in aerated treatments compared to the control (Figure 4A). At time point T4, the difference in cell concentration was one order of magnitude greater for Hanseniaspora, Lachancea and Torulaspora in aerated ferments. Minor differences were observed for Saccharomyces with estimated cell numbers correlating with the timing of aeration: control and ferments aerated at 24 h, 48 h and 72 h reached 7 × 106 cfu/mL, 1 × 107 cfu/mL, 2 × 107 cfu/mL and 3 × 107 cfu/mL, respectively (Figure 4A).



Five Hanseniaspora species were detected in the 2019 ferments. H. uvarum was the most abundant member of the genus, reaching an estimated 108 cfu/mL. H. opuntiae and H. vineae were estimated at close to 107 cfu/mL, whereas H. osmophila and H. valbyensis reached approximately 106 cfu/mL (Figure 4B). In all cases, aeration appeared to allow for the prolonged maintenance of the maximum population size of Hanseniaspora species rather than enhancing them, regardless of when aeration was applied. The one exception was H. valbyensis whose estimated cell numbers were less well supported when ferments were aerated at 24 h rather than at 48 or 72 h (Figure 4B).



Experiments in 2019 showed that earlier aeration preferentially benefitted non-Saccharomyces yeasts. Experiments in 2020 were designed to evaluate whether increasing the intensity of aeration at that early time point could be used to further modulate non-Saccharomyces populations. In the 2020 experiments, aeration increased the abundance of Torulaspora and Metschnikowia, with increased abundance of Torulaspora particularly evident later in fermentation (Figure 3). This was reflected in the higher estimated cell numbers of the four main non-Saccharomyces genera, Hanseniaspora, Lachancea, Metschnikowia and Torulaspora, which were higher in aerated ferments than in non-aerated controls, particularly toward the end of fermentation (Figure 5A). In contrast, Saccharomyces cell numbers in non-aerated ferments were estimated to be higher later in fermentation than in other treatments. Aeration intensity had a minor effect on the cell concentrations of the main non-Saccharomyces genera, with the ferments that received the lowest aeration intensity having lower estimated cell numbers than the ferments that received medium or high-intensity aeration (Figure 5A).



Four Hanseniaspora species were observed in 2020 ferments with H. uvarum being the most abundant (Figure 5B). H. opuntiae cell concentration was similar for all treatments throughout fermentation, although lower numbers were observed in aerated ferments compared to the control at T3 (55% sugar consumption). In contrast, the estimated cell concentrations of H. osmophila, H. uvarum and H. vineae were higher, up to 25-, 20- and 15-times, respectively, in aerated ferments than in the non-aerated control, particularly in the last two time points. These three species responded to aeration intensity; their numbers increased in ferments aerated at medium and high intensities compared to cultures with low aeration intensity. H. osmophila, H. uvarum and H. vineae increased 3-, 3.5- and 2-times, respectively (Figure 5B).



Distance-based redundancy analysis (DBRDA) was used to assess the relative contributions of aeration and/or fermentation stage to the changes in microbial structure observed in both vintages. The results showed that, for the 2019 and 2020 vintages, both aeration and fermentation stage affected community structure, and that an interaction between both factors also played a role (Table S5). The primary factor driving community composition was fermentation stage, which explained 84% and 70% of the variation observed in 2019 and 2020, respectively, whereas aeration treatment explained 13% and 17% in 2019 and 2020, respectively. This was visualized in the principal coordinates analysis (PCoA) plot for 2019 wines, which showed a clear separation according to fermentation stage, primarily T1 on the first axis, and T2, T3 and T4 on the second axes. In addition, samples from T4 were distributed into three groups on the second axis (Figure S1A). One group consisted of control ferments and cultures aerated at 72 h, a second group comprised ferments aerated at 48 h and the final group included ferments aerated at 24 h. Similarly for 2020 wines, PCoA revealed a clear separation according to fermentation stage and a separation between control and aerated ferments at T3, which was not so well defined at T4 (Figure S1B).




3.3. Chemical Composition and Volatile Profile


Aeration altered the chemical composition of wines from both vintages. For 2019 wines, glycerol concentration was higher in ferments aerated at 24 h and 48 h than in other treatments (increase of 1.8–2.0 g/L), while similar ethanol and residual sugar concentrations were found among treatments (Table 1). The total concentration of esters excluding ethyl acetate was lower in ferments provided with aeration at 24 h and 48 h (decrease of 0.8–0.9 mg/L). This difference was mainly due to lower concentrations of acetate esters, including 2-methylpropyl acetate and 2- and 3-methylbutyl acetate (Table S6). Interestingly, the concentrations of ethyl hexanoate, ethyl octanoate and ethyl decanoate correlated with the timing of aeration, with the lowest concentration found in ferments aerated at 24 h (decreased by 0.13, 0.21 and 0.14 mg/L respectively) relative to non-aerated control ferments, which showed the highest concentrations.



The concentrations of volatile acids were lower in aerated ferments than in control wines, reduced by 2.2, 1.7 and 0.7 mg/L in Air_24, Air_28 and Air_72, respectively, due mainly to decreased concentrations of medium-chain fatty acids (MCFAs) including hexanoic, octanoic and decanoic acids. The acetic acid concentration was highest in ferments aerated at 24 h (464 mg/L) and lowest in ferments provided with aeration at 72 h (227 mg/L). Conversely, ethyl acetate concentration, the other main contributor to volatile acidity alongside acetic acid, was significantly higher in ferments aerated at 72 h, increasing by 100–129 mg/L compared to other treatments. Succinic acid concentration increased from 0.6 g/L in non-aerated ferments to 1.3 g/L in wines aerated at 72 h (Table 1). Malic acid concentrations were substantially lower in non-aerated ferments, although this is difficult to reconcile with the experimental design and was not replicated in 2020.



The change in chemical composition resulting from variations in aeration intensity was distinct from that observed in response to variations in aeration timing. Ethanol concentrations were reduced by between 0.3–0.5 % v/v in ferments that received medium and high aeration intensities relative to non-aerated ferments (Table 2). Similar glycerol concentrations were found among treatments. The total concentration of esters excluding ethyl acetate was reduced by half in ferments receiving low and medium aeration intensity treatments relative to control wines and ferments receiving high-intensity aeration, mainly due to lower concentrations of ethyl hexanoate, ethyl octanoate and ethyl decanoate (Table S7). The total acetate ester concentration was lower in wines from aerated ferments than in control wines (decrease of 2.55, 2.22 and 1.21 mg/L). This was associated with large decreases in the concentrations of 3-methylbutyl acetate and hexyl acetate. Aerated ferments showed increased total higher alcohol concentrations (increase of 95 mg/L) driven predominantly by 2-methyl propanol and 2-phenyl ethanol.



Although the total concentration of volatile acids was similar among treatments, the balance in the types of acids present changed in response to aeration; control wines had higher concentrations of octanoic and decanoic acids (not detected in aerated ferments), whereas the concentrations of 2-methyl propanoic (increased by 4.5, 5.3 and 4.9 mg/L) and 2-methyl butanoic acids (increased by 0.5 mg/L) increased in aerated ferments. Acetic acid and ethyl acetate concentrations were also increased with increasing aeration intensity, reaching 685 and 879 mg/L, respectively, in wines provided with a high aeration intensity (Table 2). Succinic acid concentration was moderately higher in aerated ferments, increasing by 0.3 mg/L, relative to control wines. Interestingly, the malic acid concentration was lower in ferments aerated with medium and high oxygen exposure, reducing by an average of 1 g/L.



The overall effect of aeration on chemical composition in both vintages was visualized in the scores and loading plots resulting from principal component analysis (Figure 6). In 2019, ferments aerated after 24 h or 48 h clustered close to each other, located to the left of the plot (Figure 6A) with high concentrations of compounds negatively loaded on PC1, specifically with 2-phenyl ethanol, 3-methyl butanoic acid, glycerol, hexanol and propanoic acid contributing to the separation (Figure 6A,B). Ferments aerated after 72 h were more closely related with the control wines, being more centrally positioned, and associated with higher concentrations of compounds positively loaded on PC2, namely 2-phenylethyl acetate, ethyl acetate and dimethyl sulfide. Control wines were positioned to the far right of the plot and were associated with compounds positively loaded on PC1, specifically 2-methyl butanol, 2-methylpropyl acetate, butanoic acid, carbon disulfide and ethyl butanoate.



In 2020, the first principal component described 63% of the variation in wine chemical composition, with the main driver for sample separation along this axis being whether ferments were aerated. Ferments sparged at medium and high intensities clustered next to each other and separated along PC2 from the ferments aerated at a low intensity (Figure 6C). Whereas separation of highly aerated ferments was associated with higher acetic acid, ethyl acetate and propanoic acid concentrations, 2-phenyl ethanol and glycerol contributed to the separation of low intensity aerations (Figure 6C,D). Control wines clustered separately to other treatments and were associated with compounds positively loaded on PC1, specifically the MCFAs and their ethyl esters.





4. Discussion


Currently, the quest for novel and distinct wine flavor profiles has led winemakers to increase the use of uninoculated wine fermentations in commercial settings. While several winemaking factors can affect the composition and structure of native microbial populations [13], detailed information on how to modulate these factors to systematically influence population structure and shape wine style are only beginning to be investigated [18,21]. Particularly interesting is the use of SO2 to positively select for H. osmophila in uninoculated ferments and consequently change the wine volatile profile [21].



Oxygen management, which includes oxygen exclusion or air addition, is an important tool in winemaking, where it can be used to modify wine aroma, flavor and mouthfeel, and influence wine style [54,55]. Air addition has been shown to increase yeast viability and improve fermentation efficiency [22,23,24,25], at least in white wine production. This was observed in the present study across all aerated ferments in both vintages. While the timing of aeration had a considerable effect on fermentation duration, different aeration intensities only differed when compared to the non-aerated control ferments. Improvement of fermentation performance has been associated with oxygen increasing the concentration of unsaturated fatty acids (UFAs) and limiting the synthesis of MCFAs [56]. Thus, under anaerobic conditions, the deficiency in UFAs and the increase of saturated fatty acids (SFAs) results in a low unsaturation index (UFAs/SFAs). This index determines cell membrane fluidity and the ability to resist ethanol toxicity [57]. Given the considerable increase in viable population size for non-Saccharomyces yeasts in the aerated ferments, it is possible that these species respond differently to air addition relative to S. cerevisiae. In fact, in response to aeration, H. vineae has been shown to boost the content of UFAs in its cell membranes by primarily increasing palmitoleic acid, in contrast to S. cerevisiae, which simultaneously increased palmitoleic acid and oleic acid content [57]. More studies are needed to confirm if this also applies to other non-Saccharomyces species.



Oxygen availability or aeration has been shown to increase the survival and improve the persistence of several non-Saccharomyces yeasts, including T. delbrueckii, L. thermotolerans, Starmerella bacillaris, M. pulcherrima and H. vineae, when these species have been co-inoculated with S. cerevisiae [57,58,59,60]. Here, we observed that this was also the case in uninoculated fermentations, with the total population of non-Saccharomyces yeasts showing increased viability in both vintages, and species from the genera Hanseniaspora, Lachancea, Metschnikowia and Torulaspora increasing their representation within the population. Although oxygen availability influences population dynamics, clear species-dependent differences have been reported [60]. In the 2019 experiment reported here, a particularly large increase in the relative abundance of Hanseniaspora species was found in aerated ferments, whereas in the 2020 experiment, T. delbrueckii was clearly more abundant than other species in aerated ferments. Additionally, we found that within the Hanseniaspora genus, different species varied subtly in their response to aeration. While H. opuntiae and H. uvarum populations decreased at the end of fermentation regardless of aeration, H. osmophila, H. vineae and H. valbyensis sustained their numbers until the end of fermentation. The reason(s) for this differential behavior requires further exploration.



Interactions between yeast species that include a multitude of positive and negative yeast-yeast interactions can also alter population structure [61]. During wine fermentation, the presence of S. cerevisiae favors the persistence of some non-Saccharomyces yeast species, while it suppresses the growth and contribution of others [61,62]. At the same time, non-Saccharomyces strains can negatively affect the growth of S. cerevisiae and result in incomplete or stuck fermentations [63,64]. Although yeast-yeast interactions have not been studied in aerated ferments, they could potentially explain the different viability and persistence profiles observed in some non-Saccharomyces species.



Wine flavor and aroma depend on the concentration of hundreds of metabolites formed during fermentation, which in turn, are affected by the presence and metabolism of different yeast species in the ferment [1]. In both vintages, aeration resulted in wines with altered chemical compositions. This has been observed in aerated ferments co-inoculated with non-Saccharomyces and S. cerevisiae strains [57,60,65]. In fact, major fermentation products and volatile compounds, including ethanol, glycerol, lactic acid, ethyl and acetate esters, MCFAs and higher alcohols, have been demonstrated to be significantly affected by air supplementation [57,60]. For the 2019 wines, early aeration (24 h and 48 h) resulted in wines with similar volatile profiles, while late aeration generated wines more similar to the non-aerated control. In general, aeration resulted in a decrease in the concentration of MCFAs and their associated esters, an observation consistent with the work undertaken using single inoculum systems [30,66,67]. Although a link between community structure and volatile profile is possible, aeration can also affect yeast metabolism, altering the volatile profile without necessarily affecting the population structure. Indeed, the impact of aeration on yeast physiology extends beyond the aeration phase, influencing fermentation activity and the formation of volatile compounds after air addition has ceased [57].



Aeration intensity had a strong effect on the formation of ethyl acetate and acetic acid, with concentrations reaching values considered detrimental for wine quality in wines provided with medium and high aeration intensities. The relationship between aeration and ethyl acetate production in S. cerevisiae has previously been shown [68]. Similarly, wines produced with the non-Saccharomyces yeasts T. delbrueckii or M. pulcherrima and provided with high aeration intensity showed aroma and sensory profiles that negatively affected wine quality [69]. The resulting wines, however, showed reduced ethanol concentration. These findings indicate that while air addition is a tool that can be employed to manage microbial populations and wine style, excessive aeration can be damaging for wine flavor and aroma, with white ferments likely to be more sensitive to the use of aeration than red ferments.



In summary, we have shown that aeration of non-inoculated ferments can be used to stimulate fermentation activity and reduce the duration of fermentation. Timing of aeration was critical in affecting a maximum reduction in fermentation time, which was achieved with aeration later in the ferment. It is likely that the later aeration benefited the resident S. cerevisiae population to a greater degree that the non-Saccharomyces population. While earlier aerations still reduced overall fermentation time, the effect was diminished. Earlier aeration, however, did maximize the reshaping of yeast populations, affecting the growth, viability and likely metabolism of non-Saccharomyces yeast species. Overall, wines provided with aeration had a different chemical composition than non-aerated wines, with the magnitude of the change in the concentration of some compounds suggesting a likely effect on the sensory profile. However, higher intensity aeration early in ferment was detrimental to wine quality with the appearance of elevated volatile acidity; thus, judicious air addition is advised during winemaking. Air addition is, therefore, a tool that winemakers may use to improve fermentation performance and shape yeast community structure in uninoculated white wines.
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Figure 1. The effect of aeration on fermentation kinetics (A,B), total viable yeast counts (C,D) and non-Saccharomyces viable counts (E,F) for the different aeration treatments during 2019 (A,C,E) and 2020 (B,D,F) vintages. All symbols show means of three treatments with error bars showing SD. 
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Figure 2. Genus-level metabarcoding analysis of community response to aeration given at 24 h, 48 h and 72 h post-crushing of grapes in the 2019 vintage. Ferment samples were taken at four time points: T1, 0%; T2, 20%; T3, 50%; T4, 80% of sugar consumption. All sub-columns show mean percentages of three replicates. 
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Figure 3. Genus-level metabarcoding analysis of community response to aeration given at 24 h post-grape crush in the 2020 vintage. Ferment samples were taken at four time points: T1, 0%; T2, 20%; T3, 55%; T4, 85% of sugar consumption. All sub-columns show mean percentages of three replicates. 
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Figure 4. Estimated yeast counts for the main genera (A) and for Hanseniaspora species (B) found in ferments from the 2019 vintage. All symbols show means of three treatments with error bars showing SD. 
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Figure 5. Estimated yeast counts for the main yeast genera (A) and for Hanseniaspora species (B) found in ferments from the 2020 vintage. All symbols show means of three treatments with error bars showing SD. 
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Figure 6. Principal component analysis for ferments from the 2019 and 2020 vintages. (A) scores for 2019 wines, (B) loadings for 2019 wines, (C) scores for 2020 wines, (D) loadings for 2020 wines. Individual winemaking replicates are shown, with ellipses drawn to visually indicate the difference between replicates. 2M-butanoic, 2-methyl butanoic acid; 3M-butanoic, 3-methyl butanoic acid; 2M-butanol, 2-methyl butanol; 2MB-ace, 2-methylbutyl acetate; 2M-propanoic, 2-methyl propanoic acid; 2M-propanol, 2-methyl propanol; 2MP-ace, 2-methylpropyl acetate; 2PE-ace, 2-phenylethyl acetate; 3MB-ace, 3-methylbutyl acetate; 3M-butanol, 3-methyl butanol; acetic, acetic acid; butanoic, butanoic acid; butanol, butanol; CS2, carbon disulfide; decanoic, decanoic acid; DMS, dimethyl sulfide; EtOH, ethanol; E2M-but, ethyl-2-methyl butanoate; E3M-but, ethyl-3-methyl butanoate; E2M-prop, ethyl-2-methyl propanoate; E-ace, ethyl acetate; E-but, ethyl butanoate; E-dec, ethyl decanoate; E-hex, ethyl hexanoate; E-prop, ethyl propanoate; E-oct, ethyl octanoate; glycerol, glycerol; H2S, hydrogen sulfide; hexanoic, hexanoic acid; hexanol, hexanol; H-ace, hexyl acetate; malic, malic acid; MeSH, methanethiol; octanoic, octanoic acid; pheEtOH, 2-phenyl ethanol; propanoic, propanoic acid; succinic, succinic acid. 
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Table 1. Post-fermentation chemical composition for vintage 2019 wines.
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Vintage 2019

	




	
Compound

	
Control

	
Air_24

	
Air_48

	
Air_72

	
F Value

	
p Value






	
Alcohol [% v/v]

	
14.4 ± 0.1

	
14.7 ± 0.2

	
14.9 ± 0.3

	
14.2 ± 0.4

	
4.4

	
0.048




	
Residual sugar [g/L]

	
0.0 ± 0.0

	
0.4 ± 0.3

	
0.0 ± 0.0

	
0.0 ± 0.0

	
2.8

	
0.120




	
Glycerol [g/L]

	
7.9 ± 0 b

	
9.9 ± 0.2 a

	
9.6 ± 0.8 a

	
8.7 ± 0.4 a,b

	
10.6

	
0.005




	
Malic acid [g/L]

	
0.4 ± 0 c

	
2.6 ± 0.1 a

	
2.6 ± 0.1 a

	
2.2 ± 0.1 b

	
419.8

	
0.000




	
Succinic acid [g/L]

	
0.6 ± 0.1 c

	
0.8 ± 0 b

	
0.7 ± 0.1 b,c

	
1.3 ± 0.1 a

	
37.6

	
0.000




	
Acetic acid [mg/L]

	
335 ± 15 b

	
464 ± 49 a

	
413 ± 39 a,b

	
227 ± 9 c

	
21.2

	
0.001




	
Ethyl acetate [mg/L]

	
124 ± 7 b

	
136 ± 7 b

	
160 ± 23 b

	
252 ± 13 a

	
37.9

	
0.000




	
Total esters [mg/L] 1

	
1.9 ± 0.0 a

	
0.9 ± 0.0 b

	
1.1 ± 0.1 b

	
1.8 ± 0.1 a

	
94.0

	
0.000




	
Total higher alcohols [mg/L]

	
199 ± 15

	
209 ± 3

	
199 ± 23

	
231 ± 10

	
2.2

	
0.173




	
Total volatile acids [mg/L] 2

	
8.5 ± 0.1 a

	
6.3 ± 0.2 c

	
6.8 ± 0.1 c

	
7.8 ± 0.4 b

	
59.2

	
0.000




	
Total LMWSC [µg/L]

	
32 ± 1

	
19 ± 5

	
22 ± 6

	
29 ± 9

	
3.8

	
0.066








1 Excluding ethyl acetate. 2 Excluding acetic acid. LMWSC, low molecular weight sulfur compounds. Data are mean of three replicates with SD. Treatment means in rows without a common letter differ according to the post-hoc Tukey simultaneous test for difference of means for a one-way ANOVA (alpha = 0.05).
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Table 2. Post-fermentation chemical composition for vintage 2020 wines.
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Vintage 2020

	




	
Compound

	
Control

	
Air_Low

	
Air_Medium

	
Air_High

	
F Value

	
p Value






	
Alcohol [% v/v]

	
12.7 ± 0.1 a

	
12.8 ± 0.1 a

	
12.4 ± 0.1 b

	
12.2 ± 0.1 c

	
25.2

	
0.000




	
Residual sugar [g/L]

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0

	
1.000




	
Glycerol [g/L]

	
7.9 ± 0.3

	
9 ± 0.2

	
8.3 ± 0.5

	
8.5 ± 0.4

	
3.4

	
0.073




	
Malic acid [g/L]

	
2.3 ± 0.2 a

	
2.2 ± 0.4 a

	
1.3 ± 0.2 b

	
1.3 ± 0.1 b

	
16.7

	
0.001




	
Succinic acid [g/L]

	
0.5 ± 0 b

	
0.8 ± 0 a

	
0.8 ± 0.1 a

	
0.8 ± 0.1 a

	
46.5

	
0.000




	
Acetic acid [mg/L]

	
293 ± 48 b

	
255 ± 46 b

	
589 ± 46 a

	
685 ± 82 a

	
41.4

	
0.000




	
Ethyl acetate [mg/L]

	
229 ± 27 c

	
195 ± 26 c

	
573 ± 146 b

	
879 ± 128 a

	
32.0

	
0.000




	
Total esters [mg/L] 1

	
6.8 ± 0.6 a

	
3.4 ± 0.3 b

	
4.5 ± 0.1 b

	
5.7 ± 0.5 a

	
36.6

	
0.000




	
Total higher alcohols [mg/L]

	
93 ± 3 b

	
193 ± 10 a

	
181 ± 6 a

	
190 ± 2 a

	
179.5

	
0.000




	
Total volatile acids [mg/L] 2

	
75 ± 2

	
76 ± 4

	
98 ± 27

	
104 ± 4

	
3.5

	
0.070




	
Total LMWSC [µg/L]

	
6.2 ± 1.2 b

	
7.4 ± 0.5 a,b

	
8.5 ± 0.9 a

	
7.1 ± 0.2 a,b

	
4.2

	
0.046








1 Excluding ethyl acetate. 2 Excluding acetic acid. LMWSC, low molecular weight sulfur compounds. Data are mean of three replicates with SD. Treatment means in rows without a common letter differ according to the post-hoc Tukey simultaneous test for difference of means for a one-way ANOVA (alpha = 0.05).
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