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Abstract 

 

 

The main aim of this study was to determine the impact of two contrasting viticultural practices, i.e., 

use (termed ‘Contemporary’) and no use (termed ‘Future’) of synthetic herbicides, on grape juice 

and wine chemical composition. Pinot noir, Merlot and Sauvignon blanc juice and wine samples 

were sourced from Marlborough and Hawke’s Bay. Key metabolites, such as amino acids, aroma 

compounds, and thiol precursors, were measured pre- and post-spontaneous fermentation in juice 

and wine samples originating from grapes collected from the different viticulture regimes. The 

resulting data sets showed that grape variety and vintage year were the most significant factors 

that influenced the juice and wine metabolites, followed by planting region and viticulture regime. 

Important metabolites that distinguished between vineyard management practices were determined 

from juice and wine data. The concentrations of 105 important compounds determined in juices 

from the Contemporary practice were generally higher than those of their Future counterparts. In 

addition, 221 important metabolites were identified and highlighted the influence of the viticulture 

regimes on the targeted wine metabolites. However, contrary to the juice samples, no consistent 

concentration trend was observed in the important metabolites of the finished wines. For the 

Sauvignon blanc wines, the vineyard regimes predominately contributed to the differences in aroma 

compounds, such as higher alcohols, monoterpenes, and C13-norisoprenoids in that their 

concentrations were higher under the Future regime. For the red wines, amino acids were the 

compounds most influenced, showing higher concentrations in the Future Merlot samples and 

Contemporary Pinot noir wines.  Herbicide residue in grape juice, arising from herbicide application 

under the Contemporary regime, might play a direct role in the wild yeast strain populations in the 

juice and an indirect role in the metabolite concentrations during the spontaneous fermentation. In 

conclusion, a difference in juice and wine metabolite profiles between vineyard management 

regimes with and without herbicide application was detectable and significant. This information is 

valuable for grape growers and winemakers as the industry faces increasing scrutiny regarding the 

use of synthetic chemicals in viticulture.  
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Chapter 1. Introduction and Literature Review 

 

 

1.1. New Zealand Wine Industry 

 

The New Zealand wine industry has shown healthy and stable growth over the past ten years. The 

number of wineries has increased from 672 in 2010 to 717 in 2020 [1, 2]. The majority of New 

Zealand’s 717 wineries are in Marlborough, Central Otago, Hawke’s Bay, and Auckland regions, 

collectively accounting for approximately 68 % of all wineries. In 2020, approximately 88 % of 

wineries in New Zealand were classed as small-sized wineries (annual sales under 200,000 litres). 

Medium-sized (annual sales between 200,000 and 4,000,000 litres) and large-sized wineries 

(annual sales exceeding four million litres) accounted for approximately 10 % and 3 % of all wineries 

in New Zealand, respectively [1, 2]. 

 

New Zealand’s grape producing area has also shown an increase from 33,200 hectares in 2010 to 

39,935 hectares in 2020. As the top wine region in 2020, Marlborough accounted for approximately 

70 % of New Zealand’s producing vineyard area and was home to nearly 74 % of all the country’s 

grape growers [2]. The second biggest wine region was Hawke’s Bay and covered 5,034 hectares 

(approximately 13 %). As shown in Figure 1, Sauvignon blanc (25,160 hectares) was the most 

significant variety grown in New Zealand by area in 2020, followed by Pinot noir (5,642 hectares), 

Chardonnay (3,222 hectares), Pinot gris (2,593 hectares), and Merlot (1,087 hectares) [1, 2].  

 

 

Figure 1: Major grape varieties produced during 2020 vintage in New Zealand. Data was sourced from New 

Zealand Winegrowers Annual Report 2019, 2020  [1, 2] 
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The 2020 vintage saw an impressive 457,000 tonnes of grapes crushed to generate 329 million 

litres of wine. According to data reported by New Zealand Winegrowers Inc (NZW), the export of 

New Zealand wine has experienced continuous growth for the past 25 years [1, 2], gaining 

increasing attention and recognition for producing premium quality wines from the international 

market. The United States of America (USA), the United Kingdom (UK), Australia, and Canada are 

New Zealand’s main export markets, purchasing an over 82.5, 82.4, 61.8, and 12.2 million litres of 

wine, respectively, in 2020. New Zealand has an excellent reputation for the production of premium 

quality wines with Sauvignon blanc because of the distinctive fruity and tropical aromas [3]. More 

than 87 % of exported wine from New Zealand was Sauvignon blanc, which was roughly 249.4 

million litres in year 2020, followed by Pinot noir (10.3 million litres), Pinot gris (9.2 million litres), 

Rosé (5.6 million litres), Chardonnay (4.6 million litres), and Merlot (1.5 million litres) [1, 2].  

 

Figure 2 shows the total volume and main varieties of exported wine between 2010 and 2020 

vintages. As shown in Figure 1 and Figure 2, Sauvignon blanc is New Zealand’s most widely planted 

grape variety with an export volume of around 250 million litres in 2020, making it one of the flagship 

economic crops in New Zealand. In addition to Sauvignon blanc, New Zealand is also known for 

producing premium quality of Pinot noir wines, which is mainly grown in the relatively low-

temperature regions of Marlborough, Central Otago, Martinborough, Nelson, and Canterbury. 

Although the Hawke’s Bay region of the North Island is New Zealand’s second-largest grape 

cultivation area, the climate is too warm for the Pinot noir variety to thrive. Instead, Merlot is the 

most widely cultivated red variety in this famous wine-growing region. These three significant 

varieties, Sauvignon blanc, Pinot noir, and Merlot, are explored in more detail in Sections 1.1.1–

1.1.3.  
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Figure 2: The total volume and main varieties of exported wine between 2010 and 2020 vintages in New Zealand [1, 2]
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1.1.1. Sauvignon blanc 

 

Sauvignon blanc, meaning wild and white in French, originated from the Bordeaux region of France [4]. 

Besides Bordeaux, it is also widely planted in the upper Loire Valley. Sauvignon blanc is one of the 

most significant white cultivars in France, but it is also popularly grown worldwide in Italy, Chile, Canada, 

South Africa, Brazil, Moldova, California, Australia, and New Zealand [5]. The size of the Sauvignon 

blanc grape is typically small compared to other white varieties, and the density of the grape bunch is 

medium. The grape variety, Sauvignon blanc is pictured in Figure 3. Although partially resistant to 

downy mildew and bunch rot, this grape is susceptible to powdery mildew and black rot [5].  

 

   

Figure 3: Sauvignon blanc vines growing in the Hawke's Bay region 

 

The first Sauvignon blanc vines were imported to New Zealand and cultivated in the Marlborough area 

in 1973. Six years later, this variety was first used for commercial purposes. It was also one of the first 

fine wines produced on a commercial scale to be bottled using a screwcap, in particular by New Zealand 

winemakers [6]. The maritime climate of New Zealand, particularly in the South Island, facilitates a 

natural, desirable balance of sugars and acids in the berries [7, 8].  Since the 1990s, New Zealand 

Sauvignon blanc wine has become popular on the market. Nowadays, Sauvignon blanc is the top 

variety in New Zealand, and its vineyards are widespread all over the country [1, 9, 10]. However, 

Marlborough Sauvignon blanc tends to be the most popular style of wine with its intense tropical and 

vegetal flavours [10]. In Parr et al.’s research, 23 experienced French wine tasters evaluated Sauvignon 

blanc wines, including six wines from Marlborough, New Zealand and six wines from north France. They 

judged that New Zealand wines were more fruity and fresh green on notes, and higher rates on the 

appreciation and on the concept of typicality [11]. The concept of typicality was used to describe if a 

specific wine well represents its varietal characteristic, perception, category or concept [12].  
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Depending on the balance of all aroma compounds, the flavour of Sauvignon blanc wine typically ranges 

from highly green and grassy to tropical fruit and sweet [6]. Green notes, such as asparagus, 

gooseberry, green capsicum, and herbs, are driven by one of the more significant aroma compound 

classes known as methoxypyrazines (Figure 4) [13-15]. For example, 2-isobutyl-3-methoxypyrazine 

(IBMP) is a crucial chemical when it comes to Sauvignon blanc wine [10], and its content directly affects 

the herbal nuances [16]. It has also been shown Sauvignon blanc wines produced with longer grape 

skin contact before fermentation usually have a higher content of IBMP [16, 17]. Varietal thiols (Figure 

4) are other main characteristic compounds driving the aroma profile, resulting in flavours reminiscent 

of tropical fruit, such as grapefruit, passionfruit, and boxwood [5, 10, 14, 18, 19]. Generally, Sauvignon 

blanc wines produced from mechanically harvested grapes had higher contents of varietal thiols when 

compared to the wines produced from handpicked grapes [20]. In addition to the different grape 

harvesting and processing methods, fermentation conditions including temperature play a vital role in 

the development of different aroma classes in wines. For example, in 2017, Deed et al. reported that 

high-temperature fermentation (25 °C) gave a higher concentration of fruit-flavoured 3-sulfanyl hexanol 

(3SH) in Sauvignon blanc wine than wine produced from a comparable fermentation at low-temperature 

(12.5 °C). Although the content of methoxypyrazines and thiols in Sauvignon blanc wine is less than 

many other primary metabolites, they have been identified to significantly contribute unique aroma 

flavour to New Zealand Sauvignon blanc [10, 19, 21].  

 

 
Figure 4: Chemical structures of key methoxypyrazines [22] and varietal thiols [23] in Sauvignon blanc wine  

 

Another key factor influencing the flavour profile of the wine is the ripeness of the grapes at harvest [7]. 

Sauvignon blanc thrives and matures quickly in abundant sunshine [7]. However, due to the effect of 

global warming, the harvest is beginning earlier and earlier in the year [7]. Besides climate, the soil 

characteristics also play a critical role in the unique terroir of New Zealand Sauvignon blanc wines [7, 

8]. For example, in Marlborough, it is desirable to establish vineyards in areas of sandy soils covering 
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intricate overlapping slate. These geological features deliver excellent drainage and poor fertility, giving 

rise to the sought-after concentration of flavours in lower yields.   

 

In order to maintain the intense, characteristic flavour of New Zealand Sauvignon blanc, most 

winemakers use temperature-controlled stainless-steel tanks during fermentation instead of traditional 

barrels. This is because compared to traditional wooden barrel fermentation, the temperature of a 

stainless-steel tank fermentation is lower and more controllable, and no barrel added flavour and 

oxygen is over the fermentation. As a result, the fermentation is more gentle and slower in the stainless-

steel tanks, which facilitates the preservation of varietal fruit-derived aroma compounds and, thus, their 

transfer to the finished wine [8]. 

 

1.1.2. Pinot noir 

 

Pinot noir translates from French to ‘pine’ and ‘black’, which reflects the variety’s dark coloured, tightly 

clustered, pine cone-shaped bunches of berries [24]. This red variety originates from South Gaul during 

the time of the Roman Empire. It is one of the most famous grapevines from the Burgundy region of 

France and is widely planted worldwide [25]. Pinot noir wine produced in New Zealand, a cool climate 

region, is known for its colour and sophisticated taste [26]. It was the first red cultivar planted and has 

since experienced a sharp increase in quality and quantity. As a result, Pinot noir has become another 

premium New Zealand wine, which is well regarded on the international stage. In New Zealand, the 

major geographical regions of Pinot noir vineyards are in the cooler South Island, such as Central 

Otago, Marlborough, Nelson, Waipara, Canterbury, and a few selected places in the North Island (e.g. 

Wairarapa) [1].  

 

Typically, in comparison with many other red table wines, Pinot noir wines are medium-bodied, relatively 

light red in colour, and lower in anthocyanins and tannins due to the thin grape skin and low phenolic 

content of the berries [6, 27-29]. Araujo et al. investigated perception of mouthfeel in 18 Pinot noir wines 

and reported that mouthfeel attributes driving high quality were smoothness/silky/velvety, 

volume/fullness/roundness, overall body, and viscosity/mouth-coating, while the taste of bitterness and 

perceived tannin harshness drove low quality judgments [30]. Upon ageing, the wines can develop a 

vegetal and ‘barnyard’ flavour [6]. Although the 'barnyard’ flavour, generated by ethylphenols, is usually 

linked to Brettanomyces contamination in Pinot noir, it may also be introduced with a wine’s terroir as 

appealingly ‘rustic’ [5].  

 

Many factors play an essential role in the quality of wines – particularly for Pinot noir wines. These 

include terroir, cropping levels, and pruning techniques in vineyards, as well as yeast strains and 

fermentation methods in wineries. Therefore, it can be a complicated task for winemakers to influence 

the full range of Pinot noir’s bouquets, textures, and flavours [31]. Since gold medals are typically 

awarded to dark Pinot noir wines more than light ones at Australian wine awards [32], there is an 
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emerging trend to produce darker Pinot noir wine from New Zealand; these lean towards Syrah wines 

in terms of their depth, colour, and alcoholic content as a result of increasing maceration time [33]. 

 

In comparison to other varieties, such as Cabernet Sauvignon, Syrah, Merlot and Grenache, Pinot noir 

requires meticulous care and careful cultivation before it can be transformed into a quality wine [34]. 

This is because Pinot noir has several distinctive features, resulting in low tolerance for harsh conditions 

[25]. Due to its small leaves and tightly compacted, thin-skinned grape clusters, Pinot noir grapes are 

sensitive to bunch rot, powdery mildew, and other diseases under poor canopy management [6]. 

Therefore, many Pinot noir clones have been selected with large seeds, medium berries, and loose 

clusters. Even though the successful cultivation of Pinot noir with more ‘robust’ features is stringent, 

many distinctive clones of Pinot noir can adapt to a range of environmental conditions, such as 

Californian Gamay Beaujolais [25].  

 

1.1.3. Merlot 

 

The word Merlot is derived from the French word merle, which means blackbird and appropriately 

describes the dark blue colour of the grape [35]. It is one of the most significant grape variety for the 

Bordeaux region of France but is also planted all around the world [36]. In New Zealand, the majority 

of Merlot vineyards are located in the Hawke’s Bay region [37]. Other areas, including Auckland, 

Marlborough, and Martinborough, also grow the Merlot variety [7]. 

 

The Merlot variety, shown in Figure 5, is known for its loose bunches and large berries. As a result of 

the thin skin of the grape, it is sensitive to bunch rot [38] and downy mildew [36]. In addition, Merlot is 

typically considered to be fast-growing and possesses a short maturity period. [5, 36]. These features 

push some winemakers to harvest the Merlot grape early in an attempt to keep the finesse and acidity 

in the finished wine and facilitate its potential for ageing. On the contrary, others pick the grape late 

because it is thought that when the grape is slightly over-ripe, it adds a desirable fruit body to the finished 

wine [7]. Many other characteristics, such as colour, tannins, and flavour phenolic potential, are thought 

to be inherited from its parent variety, Cabernet franc [5, 36]. Compared to Cabernet, Merlot typically 

has more sugar and less malic acid [39]. In New Zealand, Merlot tends to possess more tannins (velvet 

fragrance) and less methoxypyrazines (herbaceous fragrance) than Cabernet Sauvignon due to the 

cooler regional climate than its European counterparts [40]. 
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Figure 5: Merlot vines growing in the Hawke's Bay region 

 

Merlot is also a popular grape for blending with Cabernet Sauvignon, which usually ripens around two 

weeks later in the season and has a high tannin concentration [5, 36]. In comparison with Cabernet 

Sauvignon, Merlot is more susceptible to coulure, which is a physiological disruption causing excessive 

and early flowering and/or fruit dehiscence [5] when subjected to poor weather [38, 41]. Usually, the 

grapevine thrives in cool, moist soil ‒ particularly ferrous clay [38]. However, if planted in a region that 

is too warm, the grape reaches budburst early [7], and this puts it at risk of frost damage [38].  

 

1.2. Viticulture Regimes 

 

Soil conditions play a significant role in root growth, health and function [42], which consequently affects 

canopy size, vigour and performance [43, 44] and grape quality [45]. Therefore, the interactions 

between soil properties and grapevine performance have been extensively studied. Roots absorb and 

conduct most water and nutrients to grapevines and are also the place for plant hormone synthesis 

[46]. The storage and distribution of water in the soil, as well as the hardness and density of soil, 

influence the root growth and distribution. Although the root access to the stored water depends on soil 

physical properties, irrigation systems and soil water regimes also play a significant role in root 

distribution. However, salinity and sodicity are usually due to poor irrigation water, unsuitable irrigation 

practices, and excessive water applications in vineyards [47]. Soil salinity has the most immediate 

impact on grapevine performance. It partially accounts for the decrease in grapevine yield, shoot 

growth, bunch number, berry weight and the increase in Cl-, Na+, and acid ion concentrations in grapes 

[48]. In addition, soil temperature influences the size and function of roots and the microclimate around 

grapevines, resulting in an impact on grapevine performance. Although either organic or manufactured 

fertilisers can modify soil nutrition, the effectiveness of the fertiliser application is influenced by the 

applied timing and placement, the rooting pattern, water conditions, and soil’s physical, chemical and 

biological properties.  
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Viticulture management includes monitoring and controlling pests and diseases, fertilising, irrigation, 

canopy management, monitoring fruit development and characteristics, deciding when to harvest, and 

vine pruning during the winter months [5]. An ideal set of soil criteria needs to be designed according 

to climate conditions and irrigation systems. Research has investigated the impact of vineyard 

management regimes and geography on grape and wine secondary metabolites. For example, the 

concentration of S-3-(hexan-1-ol)-L-cysteine (Cys-3SH) in grapes can increase under a light water 

deficit [49], while glutathione synthesis can decrease when nitrogen content is low [50]. Chemical 

profiles of grape and wine include primary and secondary metabolites, which play a significant role in 

wine quality and sensory properties [51]. Therefore, the effect of different viticultural treatments on 

flavour development should be extensively assessed [52], not only for the characterisation and 

differentiation of wine products but also for quality and flavour progression during grapevine growing 

and wine fermenting processes.  

 

According to the treatment periods, the long-term use of synthetic chemicals and nutrients results in 

increased concentrations of them in the environment. The persistence of chemicals can have an impact 

on soil properties, biodiversity [53], vine growth and yield [54], disease incidence [55], grape 

composition, sensory characteristics [56], and wine quality [57, 58]. It has been estimated that less than 

0.1 % of the pesticide applied to crops reaches the target pest, while the remnant easily enters the 

environment [59]. The contamination of inorganic and organic chemicals poses important threats to soil 

quality. Furthermore, the biochemical properties of vineyard soils make them highly degraded and more 

susceptible to contamination [60]. The persistent pesticides and their degradation products can enter 

the food chain through various dynamic processes [61]. Although not sufficiently in many cases, 

adverse effects of pesticide application on human health have been reported in water and wine products 

[62], such as neurologic dysfunctions and diseases, hypospadias, endocrine disruption and increases 

in the incidence of cancers [63]. Demand for organically grown grapes is gaining more importance, with 

many wineries converting conventional management systems to organic and biodynamic systems [57]. 

Generally, the alteration of soil properties is a slow process, and the effects of the conversion of soil 

management may need several years to be manifest [64]. 

 

The differences between organic and conventional viticulture regimes regrading weed and disease 

management are among the most widely studied due to the growing pressure from the public about the 

use of synthetic chemicals. Conventional management techniques commonly use synthetic pesticides 

and herbicides, while organically managed vineyards use various farming tools to partially replace such 

chemicals [65, 66]. After developing these approaches over time, organic agriculture has been defined 

by the United Nations’ Food and Agriculture Organisation (FAO) as ‘a holistic production management 

system which promotes and enhances agroecosystem health, including biodiversity, biological cycles, 

and soil biological activity. It emphasises the use of management practices in preference to the use of 

off-farm inputs…. This is accomplished by using, where possible, agronomic, biological, and 

mechanical methods, as opposed to using synthetic materials, to fulfil any specific function within the 

system [67]’. Recognised as a kind of organic agriculture, biodynamic management further emphasises 
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biodiversity, the influence of celestial bodies, and the concept of the farm as an organism. Fermented 

manure, plant, and mineral preparations are treated on soil, crops, and compost to enhance soil nutrient 

cycling, compost development, and photosynthesis [57].   

 

The vineyard environment is host to many microbial communities, which have a crucial effect on 

grapevine growth [68, 69]. The microbial communities in juice can influence the wine chemical 

composition through fermentation [68, 70] and can naturally be preserved from grape juice to wine [71-

73]. For example, Morrison-Whittle and Goddard reported that approximately 40 % of fungal 

communities overlap between the vineyard and juice/ferment [74]. Therefore, the metabolite 

composition of a finished wine is a reflection of several viticulture and winemaking processes because 

aside from intentional inoculation, the major yeast strains in wine fermentations are sourced from the 

vineyard and winery [75, 76].  

 

Although the absence of herbicides might be a factor that contributes to higher biological diversity in 

vineyard soils under organic and biodynamic management systems [67], the viticulture regimes seem 

to have inconsistent results on the grape microbes. Chou et al. studied the effect of microbial 

composition among under-vine soil management practices of glyphosate application, vegetation 

removal, and no vegetation removal. They found that although the composition of soil bacterial and soil 

fungal communities differed from one another, there was no difference in fruit-related microbial 

composition among the three practices [77]. Kecskeméti et al. also claimed that there was little impact 

on grape microbial diversity among conventional, organic, and biodynamic vineyard management 

regimes in the same vineyard [78].  

 

Furthermore, although Döring et al. found that the growth and yield of Vitis vinifera L. cv. Riesling under 

organic and biodynamic management systems were considerably lower than under integrated 

treatment, no difference in fruit quality was reported among these management approaches according 

to parameters such as total soluble solids, total acidity, and pH [57]. Similar results have also been 

reported by Karl et al. in Cabernet franc [79]. Although the grape yield decreased under cultivation and 

cover crops treatments compared to the herbicide application, the juice chemistry (°Brix, pH, TA, and 

YAN) and wine sensory profiles did not show differences among the treatments. In 2019, Döring et al. 

reviewed the impact of management systems (conventional, organic, and biodynamic treatment) on 

grape composition and wine quality, and the differences were found in soil properties, grapevine growth 

and yield among these management systems [67]. In the summary of reported trials shown in Table 1, 

no overall differences were observed in the berry chemistry of several grape varieties between organic 

and conventional viticulture [57, 80-88]. On the other hand, the question of whether organic viticulture 

affects the chemical composition of grape juice has not yet reached a consensus [89, 90].  

 



11 
 

Table 1: Effects of organic viticulture on grape and wine chemistry in comparison to conventional viticulture 

Variety,  

vintage,  

and region 

Grape parameters Wine parameters Wine 

sensory profiles 

Reference 

Riesling; 

2010-2012; 

Geisenheim, Germany 

Grape growth, yield and 

physiological performance were 

lower in the organic due to higher 

downy mildew. 

No differences in Brix, TA, and 

pH. 

  2015 [57] 

Cabernet franc; 

2011-2013; 

Lansing, NY 

Pruning weight and vine yield was 

lower in the cover crops. 

No differences in Brix, pH, TA, 

and YAN. 

 No difference. 2016 [79] 

Concord, Elvira, Seyval blanc; 

1990-1994; 

North Eastern USA 

The conventional grape was more 

mature in 1992. No trends for the 

rest years. 

The organic grape had more 

copper in 1993 and 1994. No 

trends for the rest years. 

 No trend. 1995 [81] 
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Table 1 (continued) 

Variety,  

vintage,  

and region 

Grape parameters Wine parameters Wine 

sensory profiles 

Reference 

Grignolino; 

2000; 

Piedmont, Italy. 

The conventional grape yielded 

more.  

Polyphenol was higher in the 

organic grape, increasing 

antioxidant potential. 

  2002 [85] 

Syrah; 

2002; 

Chateauneuf-du-Pape, Vaucluse, 

France 

Anthocyanins were higher in the 

conventional grape skins. 

  2006 [89] 

Conventional: Monastrell, Syrah, 

Merlot, Petit Verdot; 

Organic: Monastrell 

2007-2008; 

O.D. Jumilla, SE of Spain 

Varietal and viticultural effects on 

amino acid concentrations. 

Nitrogen compound 

concentrations (amino acids and 

ammonium) in conventional 

Monastrell were more than the 

organic one. 

  2009 [90] 
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Table 1 (continued) 

Variety,  

vintage,  

and region 

Grape parameters Wine parameters Wine 

sensory profiles 

Reference 

Pignoletto (white), Sangiovese 

(red); 

2009; 

Emilia-Romagna, Italy 

No difference between regimes, 

but difference between varieties. 

Biogenic amine concentrations 

were higher in Sangiovese. 

Anthocyanin concentrations were 

higher in Sangiovese, showing 

higher antioxidant activity. 

No difference between regimes, 

but different in varieties. Red 

wine was richer in anthocyanins, 

showing higher antioxidant 

activity. 

 2013 [88] 

23 wines; 

Italy 

 No difference in oenological 

parameters. 

Inconsistent differences were 

shown in trans-resveratrol and p-

coumaric acid. 

No difference. 2004 [91] 

Trebbiano, Sangiovese; 

2006; 

Central Italy 

Grape yield was not different. No difference. The organic wine tasted better. 2009 [92] 
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Table 1 (continued) 

Variety,  

vintage,  

and region 

Grape parameters Wine parameters Wine 

sensory profiles 

Reference 

Cabernet Sauvignon; 

2008-2013; 

McLaren Vale, South Australia 

 No consistent differences in 

oenological parameters. 

Total anthocyanin and phenolics 

were mostly higher in the 

conventional wine. 

The organic wine was more rich, 

textural, complex, and vibrant. 

2015 [87] 

91 white wines (Riesling, 

Silvaner, Pinot blanc); 

1995-1997; 

Pfalz and Rheinhessen, Germany 

 Region affected more on 60 

aromas than regime. 

The conventional wine was 

fruiter, more floral and vegetal 

(green bean/beeches and 

herbaceous). 

Region affected more than 

regime. 

2000 [93] 

74,148 bottled wines; 

1998-2009; 

California 

  The organic wine tasted better. 2016 [94] 

16 bottled wines; 

7 regions 

 

  The organic wine tasted better. 

Humans can identify 11 pesticides 

by taste. 

2017 [95] 
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Consumers want more sustainable wines produced without the input from chemicals [67, 81, 87, 91-

93]. According to the finding by Delmas et al. in 2016, there was a statistically significant preference 

and positive satisfaction associated with organic wines among 74,148 bottled wines from 3,842 

vineyards in California [94]. This organic wine preference was supported by Séralini and Douzelet in 

2017, who found that the taste of 11 common pesticides in wines can be detected by wine and cooking 

professionals. In 77 % of 195 blind tests, organic wines were preferred more than their non-organic 

counterparts with the judgement of less artificial aromas and a longer and deeper taste of organic wines 

[95]. However, limited information is available on the accumulation and development of secondary 

metabolites in grape and wine under different vineyard management systems [96]. To fill this current 

knowledge gap, key metabolites in grape juice and wine samples from conventional and organic 

vineyards need to be analysed and compared.  

 

1.2.1. Glyphosate in vineyard management 

 

The use of 2,4-dichlorophenoxyacetic acid (2,4-D) after World War II marked the beginning of the era 

of synthetic herbicides widely applied in farming [97]. In 1970, John E Franz of Monsanto Co. 

synthesised the herbicide glyphosate (N-(phosphonomethyl)glycine) for the first time [98] and soon 

obtained a patent [99]. Four years later, the isopropylamine salt of glyphosate was officially put on the 

market as a post-emergent and non-selective herbicide which was sprayed directly onto growing weeds 

[97]. Subsequently, glyphosate was widely accepted by the market. In the development of using 

glyphosate, a glyphosate-tolerant soybean variety (Roundup Ready®) was successfully 

commercialised in 1996 [100]. By 2012, a variety of genetically modified crops, such as corn, soybeans, 

rape, and cotton, had been planted in 28 countries, covering at least 170 million hectares of land [101]. 

Glyphosate [102] has quickly become the most widely used herbicide in the world [103] to eliminate 

competing weeds without affecting the growth of economic crops. It is widely used in vineyards to limit 

or eliminate the competition of nutrients and water between weeds and grapevines [95, 104, 105]. 

 

Glyphosate can be used to control annual and perennial weeds in different agricultural systems 

including grape production [106]. This herbicide eliminates weeds in a unique way (Figure 6), and it is 

the only reported chemical to effectively inhibit the 5-enolpyruvyl-shikimate-3-phosphate (EPSP) 

synthase in the shikimate pathway [97, 107]. Under the catalysis of this enzyme, the enolpyruvyl group 

of phosphoenolpyruvate (PEP) in vegetation can react with shikimate-3-phosphate (S3P) to produce 

EPSP. However, glyphosate can compete with PEP to generate a stable complex of glyphosate: EPSP 

synthase: S3P. Moreover, the reverse reaction rate is relatively slow, so it has become the main factor 

hindering the regular physiological activity of EPSP synthase [108]. EPSP is an essential catalyst in the 

shikimate pathway for the formation of aromatic amino acids [105] and other essential metabolites (e.g. 

anthocyanins, flavonoids, lignins, and auxin) in plants [109, 110]. Therefore, by combining with EPSP 

synthase, glyphosate destroys the formation of EPSP and aromatic amino acids and finally kills the 

target vegetation [111].  
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Figure 6: The shikimate pathway and the action site of glyphosate 

 

Although glyphosate is usually sprayed directly onto weeds, a large amount of glyphosate will penetrate 

the soil and affect the surrounding non-target plants and surrounding environments [112]. Moreover, 
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grassroots or dead weeds may act as a reservoir source of glyphosate and negatively affect the growth 

of surrounding vegetation [105, 113, 114], ultimately impacting the composition and nutritional value of 

its fruits [115]. Since glyphosate can inhibit the availability of some amino acids in fruits, it could 

ultimately affect the concentration and composition of aroma compounds in wine [105]. For example, it 

has been reported that some by-products of fatty acids in wine are related to threonine and serine in 

berries; β-phenylethanol in wine is related to phenylalanine in berries while methionine in wine is 

strongly correlated to the must methionine contents [116]. In addition to inhibiting the formation of amino 

acids, glyphosate application reduces the content of shikimic acid in grapes [117]. Shikimic acid is a 

precursor to phenolic compounds, which means that this may further limit phenolic compound 

biosynthesis [118]. Research has shown that anthocyanin concentrations in grapes (Vitis vinifera L.) 

were significantly lower after spraying glyphosate; however, concentrations of anthocyanins, flavonoids, 

and phenolic acids were not significantly different in the finished wine [115].  

 

In terms of wine flavour, Séralini and Douzelet’s research has shown that humans can identify the taste 

of pesticides directly [95]. According to 36 wine and cooking professionals’ descriptions of 195 blind 

tests, comprising of water containing glyphosate at the same concentration as in wine gave tasting 

notes of strong dryness, acid, acrid, and limestone. Furthermore, glyphosate was detected in wines and 

was described as having an unpleasant taste [95]. However, a conflicting report suggested that, 

compared to cultivation and cover crops treatments in the undervine area, the conventional application 

of glyphosate did not show consistent sensory differences in American Cabernet franc wine by the 

panellists in 2011-2013 vintages [79]. 

 

Lastly, but important nevertheless, it is generally believed that glyphosate is safer than other herbicides 

[119] but its adverse effects are being gradually reported. Studies have shown that glyphosate has toxic 

effects on microorganisms and fungi in vineyard soils [120, 121]. Another significant finding is that 

glyphosate can affect cytochrome P450 enzymes in mammals which is related to many human 

diseases, such as gastrointestinal disorders, heart disease, cancer, diabetes, and Alzheimer's [122]. 

Therefore, many countries tightly regulate their maximum residue limit (MRL) of glyphosate. In New 

Zealand, the MRLs of glyphosate in grape berries and wines are 0.01 mg kg-1 and 0.01 ppm, 

respectively.  

 

1.3. Metabolite Profile Analysis Using Mass Spectrometry 

 

Grape and wine metabolites are mainly accumulated in the process of berry ripening but can also reflect 

the viticultural environment and the winemaking process. The economic value and market demand for 

wine have driven wine chemistry research. Although a large number of volatile and non-volatile 

metabolites can be detected on instrument platforms, so far, the structure of only some of these 

compounds have been identified or confirmed by organic synthesis [123]. The main instrumental 

methods to study wine chemistry include the use of gas chromatography-mass spectrometry (GC-MS) 

[124, 125], liquid chromatography-mass spectrometry (LC-MS), matrix-assisted laser 
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desorption/ionisation combined with time-of-flight mass spectrometry (MALDI-TOFMS) [126], Fourier-

transform ion cyclotron resonance mass spectrometry (FTICR-MS) [127], NMR [128-131], vibrational 

spectroscopy of infrared (IR), and Raman. The huge amount of data obtained requires analysis by 

multivariate statistics to reveal the information provided by the metabolite profile [132, 133]. 

 

1.3.1. Low-resolution mass spectrometry 

 

In 2010, Toffali et al. published a detailed experimental protocol of wine chemistry research, which 

graphically depicted the changes in the metabolite profile of Corvina berries from growth and ripening, 

to wilting [134]. The study involved two sets of instrument platforms, liquid chromatography-diode array 

detector (LC-DAD) and liquid chromatography-ion trap mass spectrometry (LC-ITMS), but the same 

Alltima HP C18 column (150 × 2.1 mm, 3 µm) was used for separation. Although ITMS is not a high-

resolution MS, it can perform multistage MS (MSn) data analysis to generate sufficient mass information. 

In this experiment, full scan, MS/MS and MS3 spectra ranging between 50 and 3,000 m/z were collected 

under negative ion mode. The samples from each growth stage were analysed on the instrumental 

platforms after a methanol extraction, and the data obtained were analysed by MZmine and MetAlign 

software, respectively. MZmine parsed out a total of 683 signals, while MetAlign parsed out a total of 

408 signals, of which 309 signals were overlapped on the two software [135].  

 

Subsequently, the data of these metabolites were further processed by SIMCA-P+ software, 

multivariate data analysis such as principal component analysis (PCA) and orthogonal projections to 

latent structures discriminant analysis (O2PLS-DA) was used to characterise the change of metabolite 

profile in different cultivation stages. The study found that unripe Corvina grape berries contained only 

two principal flavonoids, which were quercetin-O-glucuronide (a flavone) and tetrahydroxyflavanone 

hexoside (a flavanone). Other flavones and anthocyanins were found to accumulate rapidly at veraison 

but flavanones did not. Based on this research methodology, Habran et al. investigated the complex 

effects of the interaction of rootstocks, scion, and nitrogen on the metabolites of Cabernet Sauvignon 

and Pinot noir berries, including sugars, organic acids, amino acids, anthocyanins, flavonols, flavonoids, 

stilbenes, hydroxycinnamic, and hydroxybenzoic acids [136]. 

 

1.3.2. High-resolution mass spectrometry 

 

In 2011, Vaclavik et al. analysed three wines, Pinot noir, Cabernet Sauvignon, and Merlot, using positive 

ion mode on UHPLC-Q/TOF. They found that the concentration of cyanidin 3-O-glucoside was higher 

in Pinot noir wine than the other two wines [137]. Although Q/TOF is a powerful method for wine varietal 

identification, in wine chemistry based on MS platforms, the main bottlenecks are the attribution of mass 

spectrum information and the identification of compound structures [138]. For the identification of a 

compound structure, its elemental composition is an indispensable basis. Although accurate mass and 

MS/MS fragmentation can effectively narrow the scope of the chemical formula of the targeted 



19 
 

compound, it is still difficult to confirm chemical structure in the absence of standards ‒ especially the 

spatial structure of isomers [138]. Therefore, in addition to a mass spectrometer with sufficient resolution 

to obtain accurate chemical formulae, combination with other instrumental methods for comprehensive 

data analysis will provide greater confidence in structural elucidation. 

 

Based on ultra-high-resolution FTICR-MS and high-resolution UHPLC-Q/TOF, Roullier-Gall et al. 

proposed an overall solution for non-targeted metabolite research in wine [127, 139]. According to this 

method, they conducted a detailed comparison of the fingerprints of Pinot noir wine metabolites and 

identified the wine's origin. The pre-treatment steps were straightforward and included dilution with 

methanol followed by FTICR-MS analysis. After diluting the sample with acetonitrile, UHPLC-Q/TOF 

analysis was performed. The samples were first analysed in the ESI-negative mode of FTICR-MS, 

ranging from 100 to 1,000 m/z. In the wine samples, 4,847 single-charge MS signals could be detected. 

After processing, the data generated a visual van Krevelen diagram (H/C vs O/C atomic ratios), which 

provided information on the elemental composition of each molecule.  

 

Subsequently, in order to maximise the MS information of metabolites, Q/TOF was used in combination 

with both RP and HILIC chromatographic separations [138], ranging between 50 and 2,000 m/z in  

ESI(-) mode. After separation using an RP C18 column (150 × 1.0 mm, 1.7 µm), 2,857 signals were 

detected; after a HILIC Amide column (150 × 2.1 mm, 1.7 µm) separation, 3,060 could be detected. 

The comparison of the retention times of 51 standards (including amino acids, sugars, and organic 

acids) on the two columns proved that the two separation modes were complementary. Finally, through 

exact mass difference network analysis (Netcalc), 2,048 of the 4,847 MS signals collected by FTICR-

MS provided information on elemental composition with an error of less than 200 ppb. Since the 

resolution of Q/TOF was lower than that of FTICR-MS, the mass spectrum information obtained by it 

was analysed within an error range of 1 ppm. 

 

It can be seen that the experimental results can be mutually verified using different instrumental 

platforms, which improves the reliability of structural identification. However, Díaz et al. compared data 

from different high-resolution MS platforms (Orbitrap MS and Q/TOF) and found that this confirmation 

method was not secure [140]. The reasons for this may be due to the use of different instruments or 

different optimisation parameters of the same instrument, which led to differences in chromatograms. 

In terms of data analysis, different choices of biomarkers or different data analysis software could cause 

differences in data. It is noteworthy that there are many metabolite components in wine samples, 

making this a complex matrix to study and the differences between these data more pronounced.  

 

Consequently, a method known as suspect screening analysis was developed to solve this problem 

and can be used as a targeted metabolite method based on databases/libraries. Its metabolite 

identification relies on specific information, such as molecular formulae and isotope patterns. This 

information is derived from the metabolite database established in-house and expanded based on 

published literature. For example, based on UHPLC-Q/TOF, the GrapeMetabolomics database has 
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been established and contains 1,100 metabolites with molecular weights ranging from 100 to 1,700 Da, 

including flavonols, stilbene derivatives, and anthocyanins [141, 142]. Eighteen stilbene derivatives in 

Raboso Piave and Primitivo grapes were found using this database.  

 

In addition, many other databases have also been established in different research teams. For example, 

Arbulu et al. reported a comprehensive method, based on Q/TOF and the WinMet database, for 

fingerprint profiling of non-volatile wine metabolites [118]. The database contained 2,080 compounds 

in the wine matrix, derived from online databases and published literature. In Graciano Vitis vinifera red 

wine, 411 metabolites were identified using the database, including primary metabolites (65 %) and 

secondary metabolites (35 %). Fifteen metabolites were found to be significantly different between 

Tempranillo and Graciano varieties. Moreover, compared with TOFMS, the resolution and accuracy of 

FTICR-MS are higher. Liu et al. used FTICR-MS for non-targeted metabolite research and combined 

with powerful statistical tools and metabolite databases, found about 800 biomarkers involving 

phenotypic distinction and approximately 2,500 unknown MS data [143]. Subsequently, UHPLC-Q/TOF 

was used to complete the biomarker structure confirmation. 

 

In summary, the critical steps in wine chemistry include experimental design, instrumental analysis, and 

statistical analysis. MS with different resolution capabilities has been widely used in wine chemistry 

[144], with individual advantages and limitations. The data obtained by instruments, before the final 

interpretation, usually undergo data pre-processing, such as baseline correction, alignment, 

deconvolution, normalisation, centring, and scaling [133]. Data pre-processing enables the raw 

instrumental data to be converted into a specific data format, which is convenient for subsequent 

statistical analysis. The pre-processed data is explained in the final step by multiple multivariate data 

analysis methods, such as unsupervised models (e.g. PCA) and supervised methods (e.g. orthogonal 

partial least squares discriminant analysis (OPLS-DA)) [123].  

 

1.3.3. Statistical data analysis 

 

Targeted metabolite profiling provides a helpful tool to interpret the complexity of wine chemistry [145]. 

Usually, data obtained from grape juice and wine samples generated from analytical instruments are 

evaluated using a wide range of statistical tools. For example, LC-MS and GC-MS chromatograms are 

firstly integrated and quantified using instrumental software. Targeted compounds are able to be 

selected based on calibration methods using retention times, quantifier, and qualifier ions and their 

concentrations are consequently calculated. Then, the data are normalised to make all metabolites 

have the same variance due to the large individual variations of metabolites [146]. Measurements for 

metabolites are transformed to present a Gaussian distribution (bell shape) and scaled to a mean of 0 

and a standard deviation of 1 to prevent over-representation of the compounds. The options for data 

normalisation are listed in Table 2. 
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Table 2: Data normalisation options [146] 

 Method Description 

Data transformation Log transformation Generalised logarithm transformation or glog 

Cube root transformation Take cube root of data values 

Data scaling Mean centring Mean-centred only 

Auto-scaling Mean-centred and divided by the standard 

deviation of each variable 

Pareto scaling Mean-centred and divided by the square root of 

standard deviation of each variable 

Range scaling Mean-centred and divided by the range of each 

variable 

 

PERmutational Multivariate ANalysis Of VAriance (PERMANOVA) provides a robust analysis of 

multivariate data and is used to illustrate the relationship between these external variables and the 

metabolite results [147]. PERMANOVA [148] is carried out using R with the  ‘vegan’ package [149]. In 

addition, MetaboAnalyst, a simple to use website-based tool, was used to analyse, interpret, and 

integrate comprehensive data [146, 150]. Student’s t-tests, correlation analysis, principal component 

analysis (PCA), partial least squares-discriminant analysis (PLS-DA), and heatmap can be conducted. 

The basic workflow of quantitative metabolite analysis using MetaboAnalyst 5.0 is shown in Figure 7. 

 

 

Figure 7: Workflow of MetaboAnalyst 5.0 for data processing and statistical analysis [150]. Data are first loaded 

and processed to generate appropriate data matrices. Then, the data matrices can be analysed using a wide range 

of univariate and multivariate statistical methods. 
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One-way analysis of variance (ANOVA) and t-tests are easy-to-use univariate methods, which give 

results that are easy to understand. They are widely used for identifying significant features from a large 

dataset in wine chemistry [131]. Consequently, boxplots of the results of the t-tests analysis can be 

conducted. The median of each boxplot marks the mid-point of the normalised concentration data and 

is shown by the line that divides the box into two parts. In addition, the relationships between interesting 

metabolites can be highlighted by a correlation plot [151]. However, these univariate approaches ignore 

correlations presenting among variables.  

 

By contrast, multivariate methods, such as PCA and PLS-DA, consider all variables, and therefore, are 

typically more suitable for comprehensive dataset analysis [146]. PCA is ‘an unsupervised clustering or 

dimensionality-reduction method which projects the data into a new coordinate system such that most 

of the data variance lies in the first few principal components’ (PCs) [146]. Without discarding any 

samples or variables, it is helpful to untangle the data mess and visually group large and complex 

datasets based on their variation and similarity [152, 153]. Furthermore, it is a powerful tool to show 

whether one sample data is the same as another or not (the scores plot) and to show which variables 

play a role in this difference (the loadings plot). Through PCA, the results of PERMANOVA can be 

visually elucidated as well.  

 

PLS-DA is a supervised classification method, which uses the group label to maximise the separation 

between different groups [146]. It is also a helpful tool to examine the patterns of concentration change 

for the critical or informative compounds identified in PLS-DA using variable importance in projection 

(VIP) plot or a heatmap [146, 154]. VIP score is a weighted sum of squares of the PLS loadings and 

weights are based on the amount of explained Y-variance in each dimension [154]. Additionally, the 

heatmap is another powerful tool to generate a visually intuitive overview of a large dataset, with or 

without hierarchical clustering dendrograms [146]. Compared to a boxplot, the heatmap allows 

simultaneous visualisation of all of the most important compounds, which greatly facilitates data 

summarisation and pattern discovery [146]. 

 

1.4. Major Grape and Wine Metabolites 

1.4.1. Aroma compounds  

 

It is well known that aroma is an essential feature of wine flavour, which is influenced by many factors, 

including variety, fermentation, and ageing [155]. The full aroma profile of wine has a decisive impact 

on the flavour and quality when the wine is tasted, and no individual group of compounds can represent 

the overall taste of a wine. Every winery has its unique viticulture and fermentation protocols, giving rise 

to an exclusive and representative brand aroma [7, 16].  

 

The primary aroma (including terpenoids, volatile phenols, aliphatic C6 volatile compounds, volatile 

thiols, and methoxypyrazines) arising from the grape contribute to the typicality of a wine [155]. The 
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secondary aroma (including higher alcohols, esters, aldehydes, organic acids, volatile fatty acids, and 

carbonyl compounds) is derived from yeast metabolism under fermentation conditions [156, 157] and 

the tertiary aroma (like lactones from oak) is from the transformation of the aroma during ageing [158]. 

It is important to note that most of the volatile aroma compounds identified to have been generated from 

winemaking processes have a low sensory threshold [159, 160] but can impart strong sensory notes 

determining the fate of the wine [161]. The following sections introduce some crucial groups of volatile 

aroma compounds found in Sauvignon blanc, Pinot noir, and Merlot wines by structural class. 

 

1.4.1.1. Varietal thiols  
 

Varietal thiols are primarily derived from a chemical reaction with hydrogen sulfide (H2S) as a substrate, 

degradation of glutathione, and fermentation of sulfur-containing amino acids or corresponding 

precursors [131]. They are a group of important aroma compounds in a range of wines [162-164]. There 

are three significantly important varietal thiols when it comes to New Zealand Sauvignon blanc wine: 4-

sulfanyl-4-methylpentan-2-one (4MSP), 3-sulfanyl hexanol (3SH), and 3-sulfanylhexyl acetate (3SHA). 

They contribute to passionfruit (3SHA), grapefruit (3SH), and box tree (4MSP) aromas, respectively, a 

well-known characteristic of New Zealand Sauvignon blanc wine [10, 19, 131, 165]. Their sensory 

thresholds are low (60 ng L-1 for 3SH, 4 ng L-1 for 3SHA, and 0.8 ng L-1 for 4MSP [10]), thus influencing 

the flavour of wine significantly [166]. They are usually analysed by gas chromatography-mass 

spectrometry (GC-MS) after extraction and concentration. 

 

In 1998, Tominaga et al. first detected the presence of three polyfunctional thiols in Sauvignon Blanc 

wine, the concentrations of which were 19.4–26.8 ng L-1 (4MSP), 943–1,038 ng L-1 (3SH), and 30.9–

36.8 ng L-1 (3SHA) [167]. Because of the reversible combination of thiol group and p-

hydroxymercuribenzoate (p-HMB), liquid-liquid extraction (LLE) was used to selectively extract trace 

thiols from the dichloromethane (DCM) extract of wine (500 mL). Finally, GC-MS was used for 

quantification. However, the cationic resin used to extract the thiols from the p-HMB would cause 3SHA 

to decompose to 3SH. Also, due to the strong reducibility of thiols, the samples were easily oxidised 

during the extraction process, which affected their test results.  

 

Ferreira et al. used the same p-HMB derivatisation approach as Tominaga et al. [167] but removed the 

interfering impurities by passing the sample (200 mL) through a cartridge filled with Lichrolut® EN resin. 

The GC-MS results revealed that the selectivity and sensitivity of thiol analysis had improved [168]. 

Also, based on the p-HMB LLE method, Affigel 501 (a cross-linked agarose gel with phenylmercury) 

was used by Schneider et al. to capture specific thiols in 500 mL of wine. Then, GC combined with an 

atomic-emission detector (AED) was used to determine the content of 4MSP, and gas chromatography-

ion trap tandem mass spectrometry (GC-ITMS/MS) was used to measure 3SH and 3SHA. Their limits 

of detection (LODs) were below the sensory threshold [169]. This experiment was the first time that 

labelled 3SH, 3SHA, and 4MSP were used as internal standards in an attempt to overcome the 

oxidation problem of the varietal thiol compounds. 
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In addition to p-HMB, other reagents have also been used in thiol analysis. Rodríguez-Bencomo et al. 

reported that 4MSP could be derivatised using pentafluorobenzyl bromide (PFBBr) as well as sampled 

using in situ SPME systems when measuring wine samples (100 mL) with GC-MS [170]. Deuterium-

labelled internal standards were used to reduce matrix effects. In 2013, Herbst-Johnstone et al. 

published a method that made use of ethyl propiolate (ETP) as a new derivatisation reagent for varietal 

thiols in 50 mL of wine. This was the first quantitative analysis of thiol-ETP adducts by GC-MS [171]. 

The LODs in white wine were 24.5 ng L-1 (4MSP), 120.9 ng L-1 (3SHA), and 194.6 ng L-1 (3SH), which 

were lower detection limits and higher sensitivity than the traditional p-HMB derivative method.   

 

1.4.1.2. Other aromas  
 

In recent years, the analysis of aroma compounds in wine has dramatically improved due to the 

widespread application of head space solid-phase microextraction (HS-SPME) [172, 173]. SPME has 

the benefits of being solvent-less, efficient, straightforward, easy to operate, highly selective, requires 

small amount of sample amount, and has good reproducibility [174-176]. It was first used to analyse 

volatile aromas in wine in the late 1990s. Since then, it has developed rapidly and is often used to 

sample the headspace of wine for the analysis of aroma components, such as alcohols, acetates, 

esters, and fatty acids [176]. The main factors affecting extraction efficiency include the type and 

thickness of the fibre coating, the amount of sample, the extraction temperature and duration, and the 

desorption temperature and time [176].  

 

Methoxypyrazines: Methoxypyrazines are a class of nitrogen-containing heterocyclic compounds 

formed from amino acids [177], which possess herbaceous aromas [178] with low perception thresholds 

around 1–2 ng L-1 [10] . Their concentrations are usually higher in grapes grown in cooler climates [179, 

180] and they degrade during ripening [178, 181]. High levels of methoxypyrazines (e.g. content greater 

than 15 ng L-1 in white wines or greater than 25 ng L-1 in red wines) give the wine an unpleasant green 

flavour [182], but not all plant-like flavours in wine arise from this class of compounds [183]. The first 

identified in wine was 3-isobutyl-2-methoxypyrazine (IBMP), which is present at the highest 

concentration of these compounds in wine, giving a typical bell pepper [79], green capsicum, and herbal 

flavour [10, 184]. It is considered to be a common varietal aroma of Cabernet Sauvignon and Sauvignon 

blanc, with an olfactory threshold in water of 2 ng L-1 [181, 185, 186]. The concentration of IBMP 

decreases as the berries mature [178]. It is positively correlated with vigorous grapevines [178] and can 

be affected by grapevine pruning and water status [181, 182, 187, 188]. In addition to IBMP, 2-sec-

butyl-3-methoxypyrazine (SBMP) and 2-isopropyl-3-methoxypyrazine (IPMP) have also been identified 

in wine, presenting different characteristics of aromas. IPMP is usually described by asparagus and 

green notes [10], and SBMP as pea and sweet pepper [184]. Their syntheses are modulated by the 

environment and climate of the vineyard, and their concentration in berries is lower when exposed to 

strong sunlight [189].  
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Terpenes: Terpene compounds include linalool, geraniol, nerol, α-terpineol, and hotrienol, which are 

often present in a complex combination in wine [190]. So far, approximately 50 types of monoterpenes 

and sesquiterpenes have been identified in grapes or wine [190]. Monoterpenes and their precursors 

contribute to the floral and citrus aromas in plants, particularly in Muscat and Riesling varieties [184]. In 

addition, precursors of terpene compounds are typically formed during the ripening period of grapes, 

mainly in the form of glycosides in berries and peels. The concentration of terpene compounds in wines 

is affected by different factors, such as grape variety, vineyard practice, berry maturity, acid-catalysed 

and enzyme-mediated hydrolyses, storage period, and winemaking process [190]. Wine ageing under 

acidic conditions can catalyse structure rearrangement, resulting in new compounds that give wines 

different aromatic characteristics [184]. For example, during the maturation of white wine, linalool (floral 

fragrance) can be converted to monoterpene alcohols by means of acid-catalysed reactions, such as 

α-terpineol by cyclisation, hydroxylinalool by hydration in the C-7 position, and geraniol and nerol by a 

nucleophilic 1,3-transition (allyl) [184, 191]. 

 

C13-norisoprenoids: C13-norisoprenoids are commonly found in wine. These substances have a low 

olfactory threshold [192, 193] and are very important for the quality of aromatic wine. Examples of  C13-

norisoprenoids and their odour characteristics and thresholds are: α-ionone (floral note, 2.6 µg L-1 [131, 

193]), β-ionone (violet flavour, 0.09 µg L-1 [193]), β-ionol (fruity and floral flavour), 3-O-β-ionone (tomato 

flavour), β-damascenone (rose note, 0.05 µg L-1 [131, 192, 193]), β-damascone (fruity and rose flavour), 

and vitispirane (floral and tropical fruity flavour, 800 µg L-1 [194]). Similar to terpenes, C13-norisoprenoids 

are also present in the form of non-volatile glycoside precursors in grape berries [195]. In addition to 

glycosidic precursors, carotenoids are another class of precursors. C13-norisoprenoids can be released 

from carotenoids by chemical cleavage during the crushing process, enzymatic hydrolysis, and ageing 

[196]. Climate, sunlight, and berry maturity play key roles in determining the amount of these aroma 

compounds present in the wines [197, 198].  

 

Alcohols: Alcohols are the most abundant chemicals in wine. The major alcohol in wine is ethanol, 

which has a hot mouthfeel and a sweet taste. During storage, the harsh flavour of ethanol decreases, 

and sweetness develops more [199]. Generally, ethanol increases the solubility of other odorous 

compounds and reduces their volatility [200]. The air/liquid partition coefficient (Kal) represents the ratio 

of concentrations of volatile compounds in the respective gas and liquid phases when the distribution 

of the compounds is stable [201]. Experiments have shown that an ethanol concentration greater than 

5 % by volume will cause a dynamic change in a series of aroma components in the headspace of the 

wine, and their concentrations in the headspace relate to the corresponding partition coefficient [201, 

202]. In addition to ethanol, a small volume of other alcohols is produced during alcoholic fermentation, 

usually called fusel alcohols or higher alcohols, such as propanol. They are produced by the conversion 

of amino acids in the must [199, 203, 204] and have an important influence on the flavour of a wine. 

Higher alcohols have a substantial positive effect on the overall quality of the wine at low concentrations. 

When the concentration of these substances is less than 300 mg L-1, they can favourably increase the 

wine complexity and body [205]. However, they often produce unpleasant odours at high concentrations 
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[199]. Among them, the most important compounds are 3-methyl-1-butanol (flavour of malt and 

caramel), 2-methyl-1-butanol (flavour of lemon and orange) and 2-methyl-1-propanol (flavour of wine, 

solvent, and bitter) [206].  

 

Esters: Esters, such as acetate esters (ethyl acetate, isobutyl acetate, isoamyl acetate, phenethyl 

acetate), and ethyl esters (ethyl hexanoate and ethyl octanoate), are considered to be important aroma 

compounds for the vinous (mainly from acetate esters) and fruity (mainly from ethyl esters) 

characteristics of wine [5]. These usually have a low sensory threshold [199, 207-209]. Their 

characteristics can be optimised by appropriate addition of nutrients (e.g. nitrogen and lipid sources) or 

using new fermentation conditions (e.g. Saccharomyces cerevisiae strains) [210]. In general, acetate 

esters are produced from acetic acid and higher alcohols, and ethyl esters are produced from ethanol, 

fatty acids, and non-volatile organic acids in parallel with  the process of fermentation [5]. Furthermore, 

in grape must, high concentrations of amino acids participate in the formation of ethyl esters [116] 

through deamination [5]. The main synthesis site of esters is inside yeast cells, and the resulting 

products transfer into the wine through the cell membrane [5]. The formation and hydrolysis of esters 

are affected by ethanol content, yeast genetic characteristics, fermentation temperature, and other 

conditions [211]. When fermentation ends, wine aroma usually evolves depending on storage. It has 

been reported by Perez-Prieto et al. that the content of ethyl lactate and diethyl succinate in aged wine 

is higher due to the esterification that occurs during storage [212], and their concentration correlates 

with storage duration [213].  

 

Carbonyl compounds: Aldehydes and ketones are carbonyl compounds distinguished by the terminal 

and internal locations of the functional carbonyl group (–C=O), respectively [5]. Microorganisms 

produce most of the carbonyl compounds in wine during fermentation. Additionally, a few other carbonyl 

compounds are generated by the Maillard reaction, such as furfural which is produced from sugars and 

amino acids, and ethyl carbamate from urea and ethanol during wine ageing [214]. Among them, 

acetaldehyde is the main carbonyl compound in wine. Its derivatives can add the flavour of preserved 

and dried fruits into wine and also mask unpleasant flavours, such as the aroma of trans-2-alkenals 

[215]. Furthermore, diacetyl, which is generated by yeast metabolism during fermentation, gives the 

wine a buttery flavour. When coexisting with a small amount of 2,3-pentanedione, diacetyl can make 

the aroma of wine more intense [216]. The addition of lactic acid bacteria can positively impact wine 

flavour in the winemaking process. This is because they convert malic acid to lactic acid during 

malolactic fermentation [216], resulting in more palatable deacidified wines [217].  However, 

contamination by unwanted lactic acid bacteria during the fermentation process can increase diacetyl 

concentration unfavourably and negatively affects the overall wine flavour [216].  

 

Volatile phenols: Vinylphenols (e.g. 4-vinylphenol and 4-vinylguaiacol) and ethylphenols (e.g. 4-

ethylguaiacol and 4-ethylphenol) are considered to be the most critical volatile components in this 

category, and their content is generally between 0 and 2.8 mg L-1 [218]. Usually, their flavour in wine is 

described as animal, horse sweat or stable, and medicine and results from the concentration of volatile 
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phenols exceeding their olfactory threshold. It has been demonstrated that hydroxycinnamates are 

converted to vinylphenols through decarboxylation, followed by reduction to ethylphenols [219]. A 

variety of microbes can metabolise hydroxycinnamates to vinylphenols, but only a few yeasts, in 

particular the genus Brettanomyces (Dekkera), can produce substantial amounts to ethylphenols [219]. 

A source of hydroxycinnamate precursors and Brettanomyces is the more frequent maturation of red 

wines than that of white wines in oak cooperage. Therefore, red wines generally present a higher 

proportion and concentration of vinylphenols and ethylphenols than white wines [5].  

 

1.4.2. Aroma precursors  

 

Most of the flavour compounds present in the grapes exist in a non-volatile, bound state as aroma 

precursors. These precursors have a variety of chemical structures, including glycosides, amino acids 

and their conjugates, hydroxycinnamic acids and their conjugates, fatty acids, and odourless 

sesquiterpenes, like α-guaiene [204], which cannot be perceived by olfactory perception. During the 

winemaking process, aroma precursors are subsequently converted into volatile, free aroma 

components [204], which are perceived by consumers in the final wine. Examples of aroma produced 

through metabolic pathways of S. cerevisiae during fermentation is shown in Figure 8. 
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Figure 8: Metabolic pathways of aroma compounds formed from non-volatile precursors by S. cerevisiae during fermentation. Labels next to arrows represent enzymes as the 

reaction catalysts [220]. 
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1.4.2.1. Amino acids  
 

Amino acids are one of the primary metabolites present in both grapes and wines [131, 221]. In terms 

of viticulture, free amino acids are one of the nitrogen sources for grape growth [222] and are also an 

essential nutrient for yeast metabolism during the winemaking process [223, 224]. The amino acid 

composition can be different based on the variety of the grapes and the way grapes are grown. In 

addition, amino acids in grape berries and juices are thought to be a critical marker of variety, vintage 

year, and even the vineyard planting area; they also reflect the interactions between variety and yeast 

strain in finished wines as different yeast strains consume amino acids differently [90, 225, 226]. 

Usually, when the availability of yeast assimilable nitrogen (YAN) is less than 140 mg L-1, the wine 

fermentation process slows down or even ceases completely. This phenomenon, known as ‘stuck 

fermentation’, results from the fact that yeast strains are unable to sustain growth at this point due to 

lack of available nitrogen. Consequently, some wineries add ammonium salt as a supplement to boost 

yeast vigour. However, the over-addition of ammonium produces undesirable chemicals and causes 

microbiological instability [227-229]. Alternatively, winemakers can add diammonium phosphate (DAP) 

to make the total YAN concentration up to approximately 250 mg L-1 to avoid a ‘stuck fermentation’ [10, 

223, 230, 231].  

 

The concentration of amino acids directly affects the taste and quality of the wine. Some amino acids, 

such as aspartic acid and glutamate, contribute to the umami flavours in wine [232]. It has also been 

reported that amino acids are either direct or indirect vital precursors, as they are used to form many 

essential aroma substances in wine (shown in Figure 8), such as esters, ketonic acids, higher alcohols, 

and aldehydes, through a series of biological and chemical transformations [225, 229, 233-237]. For 

example, Hernández-Orte et al. showed that methionine and phenylalanine are strongly related to the 

production of methionol and β-phenyl ethanol, respectively. The same authors also found a connection 

between threonine and serine and some by-products of fatty acids [116]. Moreover, the addition of 

amino acids can influence the volatile composition of wines [238]. A previously study reported the 

contribution of several amino acids, including glutamate, glutamine, and GABA, to the development of 

varietal thiols in Sauvignon blanc [131]. 

 

Despite the fact that the winemaking process slows down or even ceases completely when amino acid 

availability is insufficient [223, 230, 231], high concentrations of amino acids can be detrimental. 

Excessive amino acids generally arise from three sources: the secretion of live yeast at the end of 

fermentation [239], protein hydrolysis during autolysis of dead yeast, and enzymatic degradation of 

protein in grapes [235]. This excess of amino acids can result in the formation of biogenic amines and 

ethyl carbamate in wine [240], which directly affects the stability of microorganisms and, thus, the quality 

of the finished wine [241, 242]. Therefore, highly efficient and accurate quantitative methods are needed 

to measure the concentrations of amino acids.  
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In different grape and wine varieties, the distribution and concentration of amino acids differ widely from 

parts-per-billion (ppb) to parts-per-million (ppm). With the continuous development of analytical 

technology, a variety of amino acid analysis methods have been established using a range of 

instrumentation and these include gas chromatography (GC) [243], gas chromatography-mass 

spectrometry (GC-MS) [244], size-exclusion chromatography (SEC) [245], high-performance liquid 

chromatography (HPLC) [246], liquid chromatography-triple quadrupole mass spectrometry (LC-TQMS) 

[247], and ultra-high-performance liquid chromatography combined with time-of-flight mass 

spectrometry (UHPLC-TOFMS) [248].  

 

Given the absence of a fluorescent group in the chemical structure of amino acids, and that only a few 

amino acids contain a chromophoric group (Table 3), derivatisation is an indispensable step for 

conventional HPLC detection techniques (e.g. fluorescence (FLU), ultraviolet (UV), ultraviolet-visible 

(UV-Vis), and diode array detector (DAD)) [249, 250]. In the early 1950s, the first amino acid analysis, 

known as ninhydrin post-column derivatisation, was established by Moore and Stein [251-253]. As a 

result, numerous derivatisation reagents emerged one after another following this pioneering work [254, 

255] and are summarised in Table 4. In recent years, new LC chromatography columns, and UHPLC 

combined with MS have driven the rapid development of amino acid analysis.  
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Table 3: Molecular structures and 3-letter abbreviations of amino acids analysed [256] 

Compound Structure  Compound Structure 

Phenylalanine 

(Phe) 
 

 
Glycine 

(Gly) 
 

Tryptophan 

(Trp) 

 

 
Glutamine 

(Gln) 

 

Leucine 

(Leu) 
 

 
Serine 

(Ser) 
 

Isoleucine 

(Ile) 
 

 
Asparagine 

(Asn) 
 

Methionine 

(Met) 

 

 
Glutamic acid 

(Glu) 
 

Tyrosine 

(Tyr) 

 

 
Aspartic acid 

(Asp) 
 

Valine 

(Val) 
 

 
Histidine 

(His) 
 

Cysteine 

(Cys) 
 

 
Arginine 

(Arg) 

 

Alanine 

(Ala) 
 

 
Lysine 

(Lys) 
 

Threonine 

(Thr) 
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Table 4: Different derivatisation protocols for amino acid instrumental analysis in a wide range of sample matrices 

Derivatisation reagent Instrument Column Analyte Sample type Reference 

Post-column, ninhydrin LC (550 nm) Cation-exchange (250 × 3 
mm, 10 µm) 

18 amino acids, and 
ammonium 

Grape juices and wines, 
America 

Huang and Ough (1991) 
[257] 

Post-column, ninhydrin LC-MS/MS Agilent Zorbax Eclipse 
XDB-C8 (150 × 4.6 mm, 
5µm) 

32 amino acids plasma, serum and urine 
aliquots 

Dietzen et al. (2008) 
[247] 

Post-column, ninhydrin Amino acid analyser, and 
visible detector 

Analytical 2622# (60 × 
4.6 mm) 

18 amino acids Strawberry and blueberry 
fruit, China 

Zhang et al. (2014) [258] 

Post-column, dansyl 
derivatives 

LC (254 nm) Tracer Analitica packed 
with Spherisorb ODS2 
resin (15 × 0.4 cm, 5 µm) 

27 amino acids, 
ammonium, and urea 

Must and wine, Spain Valero et al. (2003) [236] 

Pre-column, OPA LC-FLU C18 18 amino acids Grape juice media Jiranek et al. (1995) [259] 
Pre-column, OPA LC-PDA Waters Nova-Pak C18 

(250 × 4.6 mm, 4 µm) 
21 amino acids Ovine blood plasma Czauderna et al. (2002) 

[260] 
Pre-column, OPA LC-FLU Adsorbosphere XL C18 

(250 × 4.6 mm, 5 um) 
21 amino acid 42 white wines, Greece Soufleros et al. (2003) 

[225] 
Pre-column, FMOC LC-FLU/PDA Agilent Hypersil C18 (150 

× 4.6 mm, 5 µm) 
17 amino acids Cabernet Sauvignon 

bunches, Australia 
Gourieroux et al. (2016) 
[246] 

Pre-column, iodoacetic 
acid for Cys, OPA for 
primary amino acids, and 
FMOC for secondary 
amino acids 

LC-FLD Agilent Poroshell HPH-
C18 (150 × 4.6 mm, 2.7 
µm) 

19 amino acids, and 
ammonium 

Synthetic medium Rollero et al. (2018) 
[261] 

Pre-column, OPA and 
FMOC 

LC-DAD Agilent Zorbax Eclipse-
AAA (150 × 4.6 mm, 5 
μm) 

14 amino acids maize, soybean, and 
soybean meal 

Jajic et al. (2013) [262] 

Pre-column, OPA and 
FMOC 

LC-FLD/DAD Agilent Hypersil ODS 
(250 × 4.0 mm, 5 µm) 

21 amino acids Cabernet Sauvignon 
must, Chile; 
Garnacha grape, Spain 

Gutiérrez-Gamboa et al. 
(2017) [263]; 
Gutierrez-Gamboa et al. 
(2018) [264] 

Pre-column, OPA and 
FMOC 

LC-FLD/DAD Agilent Hypersil ODS 
(250 × 4.0 mm, 5 µm) 

23 amino acids Tempranillo juice, Spain Gonzalez-Santamaria et 
al. (2018) [265] 
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Table 4 (continued) 

Derivatisation reagent Instrument Column Analyte Sample type Reference 

Pre-column, OPA and 
MCE 

LC-FLD Waters Nova-Pack RP-
C18 (150 × 3.9 mm, 4 µm) 

19 amino acids, and 6 
biogenic amines 

9 wines, and 12 honeys, 
Portugal 

Pereira et al. (2008) [266] 

Pre-column, OPA and 
NAC 

LC-FLD C18 (250 × 3 mm) 19 amino acids, and 5 
biogenic amines 

Grape juice, wine, honey, 
and physalis fruit, France 

Kelly et al. (2010) [267] 

Pre-column, DEEMM LC-PDA Agilent Zorbax SB-C18 
Rapid Resolution HT (50 
× 3.0 mm, 1.8 µm) 

23 amino acids, 10 
biogenic amines, and 
ammonium 

Cabernet Sauvignon 
wine, China; 
Synthetic grape must; 
Hong Qu glutinous rice 
wine, China 

Wang et al. (2014) [222]; 
Wang et al. (2016) [268]; 
Liu et al. (2017) [269]; 
Liang et al. (2020) [232] 

Pre-column, OPA and 
MPA 

LC-FLD Phenomenx C18 Machery 
Nagel Durabond (150 × 3 
mm, 5 µm) 

21 amino acids, and 
ammonium 

Chardonnay and Syrah 
berries, France 

Canoura et al. (2018) 
[270] 

Pre-column, Waters Pico-
Tag 

LC-PDA Waters Pico-Tag (300 × 
3.9 mm) 

18 amino acids, and 
ammonium 

Mazuelo must; 
Mazuelo wine 

Arias-Gil et al. (2007) 
[230]; 
Garde-Cerdán and Ancín-
Azpilicueta (2008) [228] 

Pre-column, AQC LC-FLD Waters AccQ-Tag AAA 
Nova-Pak C18 (150 × 3.9 
mm, 4 µm) 

17 amino acids Verdejo grape, Spain Carrera et al. (2015) 
[271] 

Pre-column, AQC LC-FLD Waters AccQ-Tag AAA 
Nova-Pak C18 (150 × 3.9 
mm, 4 µm) 

20 amino acids Gamay Noir and Gamay 
Fréaux grapes, France 

Guan et al. (2017) [272] 

Pre-column, AQC UHPLC-FLD Waters AccQ-Tag Ultra 
(100 × 2.1 mm, 1.7 µm) 

20 amino acids Cabernet Sauvignon and 
Pinot Noir berries, France 

Habran et al. (2016) [136] 

Pre-column, AQC UHPLC-MS/MS Waters AccQ-Tag Ultra 
(100 × 2.1 mm, 1.7 µm) 

31 amino acids, and 
derivatives 

lasmodium falciparum, 
human red blood cells, 
and Arabidopsis thaliana 
extracts; 
Jujube fruit; 
Navel late orange juice 

Salazar et al. (2012) 
[273]; 
Collado-González et al. 
(2014) [274]; 
Cerrillo et al. (2015) 
[275] 
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Table 4 (continued) 

Derivatisation reagent Instrument Column Analyte Sample type Reference 

Pre-column, methyl 
chloroformate 

GC-MS Phenomenex ZB-1701 
(30 m × 0.25 mm, 0.15 
µm) 

100 amino and non-amino 
organic acids 

Microbial cultures Smart et al. (2010) [276] 

Pre-column, methyl 
chloroformate 

GC-MS/MS DB-5MS and J&W 
Scientific DG £122-
5532G (30 m × 0.25 mm, 
0.25 µm) 

60 amino and organic 
acids 

Biological samples Kvitvang et al. (2014) 
[277] 

Pre-column, propyl 
chloroformate 

GC-MS Phenomenex ZB-AAA 33 amino acids Blood, and urine Katja (2010) [278] 

Pre-column, propyl 
chloroformate 

GC-MS, LC-MS ZB-AAA (10 m × 0.25 
mm, 0.25 µm) for GC-
MS, Agilent Zorbax 
Eclipse XDB-C18 (50 × 
4.6 mm, 1.8 µm) for LC-
MS; 

18 amino acids Biological sample Krumpochova et al. 
(2015) [279] 

Pre-column, MTBSTFA GC-MS Phenomenex Zebron ZB-
5MS fused silica capillary 
(30 m × 0.25 mm, 0.25 
μm) 

15 amino acids Pinot gris juice, Canada Hannam et al. (2015) 
[243] 

Pre-column, PFPA GC-MS Macherey-Nagel Optima 
17 (15 m × 0.25 mm, 0.25 
µm) 

21 amino acids Pooled plasma, and spot 
urine 

Hanff et al. (2019) [280] 

AQC: 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate; DEEMM: diethyl ethoxymethylenemalonate; FMOC: 9-fluorenylmethyl chloroformate; MTBSTFA: N-methyl-N-

tertbutyldimethylsilyltrifluoroacetamide; NAC: N-acetyl-L-cysteine; PFPA: Pentafluoropropionic anhydride; OPA: o-phthalaldehyde; GC: gas chromatography; LC: liquid 

chromatography; UHPLC: ultra-high-performance liquid chromatography; DAD: diode array detector; FLU: fluorescence detector; MS: mass spectrometry; MS/MS: triple 

quadrupole mass spectrometry; PDA: photodiode array detector 
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The introduction of a derivatisation step has solved several issues faced during the analysis of amino 

acids. However, the process of derivatisation is often time-consuming and laborious. It is also easy to 

introduce impurities, promote side reactions, and generate decomposition products [281]. Therefore, 

methods that do not require a derivatisation step are favoured for amino acid analysis. In recent years, 

a large number of published articles involving the direct analysis of amino acids in a range of matrices 

have utilised LC-TQMS to analyse honey [282], puffball mushroom [283], plant [284], soil [285], and 

plasma [286], which are summarised in Table 5. 
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Table 5: Different non-derivatisation protocols for amino acid instrumental analysis in a wide range of sample matrices 

Instrument Column Analyte Matrix Reference 
LC-UV/VIS Spherisorb S5 ODS2 (250 × 4.6 

mm, 5 μm) 
4 amino acids, and 4 biogenic 
amines 

Monastrell juice and wine Lorenzo et al. (2017) [287] 

LC combined with ELSD, UV, 
CD, RID, CLND, MS, MS/MS, 
and NMR 

Purospher RP-18e (125 × 4 
mm, 5 µm) for LC 

12 amino acids Tetrapeptide Gly–Gly–Asp–Ala 
determined after acid 
hydrolysis 

Petritis et al. (2002) [288] 

UHPLC-Orbitrap MS Phenomenex Kinetex core-shell 
C18 (100 × 2.1 mm, 2.6 μm)  

20 amino acids UHT milk, low lactose milk, 
milk-based caramel powder and 
raw tomatoes 

Troise et al. (2015) [289] 

LC-APCI-MS Zorbax Bonus-RP, Narrow- 
Bore (100 × 2.1 mm, 3.5 µm) 

22 amino acids 22 food items (baby foods, 
breads, biscuits, crackers, 
wafers, green coffee, 
vegetables, fruits, wine, beer 
and various types of juices) 

Ozcan and Senyuva (2006) 
[290] 

LC-MS/MS Dionex AcclaimTM RSLC 
Polar Advantage II (250 × 2.1 
mm, 2.2 µm) 

19 amino acids 18 plant materials Moldoveanu et al. (2015) [291] 

LC-MS/MS Purospher Star RP-8ec (150 × 
4.6 mm, 3 µm) 

20 amino acids Polish and Slovak honeys Kowalski et al. (2017) [282] 

UHPLC-MS/MS Acquity UPLC BEH C18 (100 × 
2.1 mm, 1.7 µm) 

21 amino acids Giant puffball mushroom Kıvrak et al. (2014) [283] 

LC-MS/MS Agilent Hypersil Gold aQ C18 
(20 × 2.1 mm, 1.9 µm) 

19 amino acids A permafrost soil core Hutchings et al. (2018) [285] 

LC-MS/MS Thermo Fisher Hypercarb (50 × 
4.6 mm, 3 µm); and fused-core, 
Advanced Materials Halo C18 
(100 x 2.1 mm, 2.7 µm). 

33 amino acids Plasma, urine, cerebrospinal 
fluid samples 

Le et al. (2014) [286] 

LC-ISP-MS/MS Agilent Hypersil Hypercarb S 
(100 × 2.1 mm, 5 µm) 

20 amino acids  Petritis et al. (2000) [292] 

LC–ELSD; and LC–MS Agilent Hypersil Hypercarb S 
(100 × 2.1 mm, 5 µm) 

20 amino acids  Chaimbault et al. (2000) [249] 

HILIC-MS Luna-NH2 (250 × 2.0 mm, 5 
µm) 

18 amino acids Biological sample Krumpochova et al. (2015) 
[279] 
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Table 5 (continued) 

Instrument Column Analyte Matrix Reference 
HILIC-MS/MS Waters Acquity UPLC BEH 

amide (150 × 2.1 mm, 1.7 µm) 
135 metabolites comprising 31 
amino acids, 37 mono-, 
polysaccharides and reduced 
monosaccharides (polyols), 37 
organic acids, 22 amines and 
others such as nucleoside and 
vitamins 

8 red grape varieties 
(Sangiovese, Nera dei Baisi, 
Cabernet Sauvignon, Refosco, 
Nero, Girelli, Aglianico, 
Xinomavro) and 6 green grape 
varieties (Manzoni Bianco, 
Moscato Ottonel, Garganega, 
Biancaccia, Marsanne and 
Pignoletto) 

Gika et al. (2012) [293] 

HILIC-MS/MS Waters Acquity UPLC BEH 
amide (150 × 2.1 mm, 1.7 µm) 

21 amino acids Lyophilised mussels Tsochatzis et al. (2017) [294] 

HILIC-Orbitrap MS Waters Atlantis HILIC silica 
column (150 × 2.1 mm, 3 μm) 

22 amino acids Juice (peach, apricot, orange, 
sour cherry, and apple), wine, 
beer and honey 

Gökmen et al. (2012) [295] 

HILIC-MS/MS Merck ZIC®-HILIC (150 × 4.6 
mm, 3.5 µm) 

20 amino acids Apple juice, date, grape and 
blueberry fruit 

Aktağ and Gökmen (2021) 
[296] 

HILIC-MS/MS Agilent InfinityLab Poroshell 
120 HILIC-Z (2.1 × 100 mm); 
and Agilent InfinityLab 
Poroshell 120 HILIC-OH5 (2.1 
× 100 mm) 

16 amino acids  Kennedy and Bivens (2017) 
[297] 
 

HILIC-MS/MS Agilent InfinityLab Poroshell 
120 HILIC-Z (2.1 × 100 mm, 
2.7 μm) 

22 amino acids Cucumber plant tissue extract Huang et al. (2018) [298] 

HILIC-MS/MS Acquity BEH Amide column 
(2.1 mm × 100 mm, 1.7 μm) 

23 amino acids Ziziphus jujuba Guo et al. (2013) [299] 

LC-MS/MS (Qtrap) Intrada amino acid (100 × 3 
mm, 3 µm) 

20 amino acids Human colorectal 
adenocarcinoma cells 

Tomita et al. (2016) [300] 

LC-MS/MS Allure Acidix chromatographic 
column 

20 amino acids Orange juice Gómez-Ariza et al. (2005) 
[301] 

LC-MS/MS Cation exchange, SCX Luna (5 
µm, 100 Å) 

20 amino acid Plant extracts Thiele et al. (2012) [284] 

LC-MS/MS CROWNPAK CR-I(+) and CR-
I(-) (150 × 3.0 mm, 5 µm) 

18 D-amino acids vinegar Nakano et al. (2017) [302] 
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Table 5 (continued) 

Instrument Column Analyte Matrix Reference 
LC-TOF CROWNPAK CR-I(+) 18 amino acids  Konya et al. (2016) [303] 
GC-FID Agilent J and B DBFFAP 

capillary GC (60 m × 0.32 mm, 
0.5 μm coating film thickness) 

19 amino acids and ammonium 
ion 

Fermentation samples Fairbairn et al. (2017) [234] 

1H and 13C NMR  17 amino acids Sauvignon wine, Slovenia Kosir and Kidric (2001) [224] 
LC: liquid chromatography; UHPLC: ultra-high-performance liquid chromatography; HILIC: hydrophilic interaction liquid chromatography; UV: ultraviolet detector; VIS: 

visible detector; MS: mass spectrometry; MS/MS: triple quadrupole mass spectrometry; TOF: time-of-flight mass spectrometry; GC: gas chromatography; NMR: nuclear 

magnetic resonance 
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1.4.2.2. Amino acid conjugates  
 

Studies carried out over the last two decades show that there are several amino acid-derived conjugate 

precursors of the varietal thiols [304]. In Sauvignon blanc, the compounds 4MSP and 3SH are reported 

to be derived from the fermentation of odourless potential precursors in grapes and grape juice, while 

the biotransformation path of 3SHA is from the esterification of 3SH [305]. Previous studies have also 

shown that trans-2-hexenal, cysteine, glutathione, and H2S could contribute to the synthesis of varietal 

thiols [161, 304, 306, 307]. The carbon-sulfur bond of the aroma precursor in grapes is cleaved by 

enzymatic hydrolysis during fermentation and finally generates thiols (Figure 9) [160, 161, 308-315].  

 

 

Figure 9: Hypothesised biosynthesis and degradation of varietal thiols from S-glutathionyl and cysteinyl 

precursors [161, 220, 307, 316]. Here, Glut-3SH, Cys-3SH, 3SH, and 3SHA represent S-3-(hexan-1-ol)-

glutathione, S-3-(hexan-1-ol)-L-cysteinylglycine, 3-sulfanyl hexanol, and 3-sulfanylhexyl acetate, respectively. 
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Although a few thiol precursor compounds in grapes have been tentatively discovered and reported, 

their conversion rates are low, and the source of most varietal thiols is still unclear [317]. Bonnaffoux et 

al. reported the conversion rates between deuterated CysGly-3SH, CysGly-4MSP, γGluCys-3SH, 

γGluCys-4MSP, and their respective free thiols were only from 0.17 % to 1 % [318]. Also, Pinu et al. 

found that 3SH and 3SHA in Sauvignon blanc wine have poor correlations with their potential precursors 

in juice [10]. In addition, in 2015, Larcher et al. found fermentation with grape tannin can increase thiols 

in finished Müller Thurgau and Sauvignon blanc wines, adding fruity and green fragrances [319], 

confirming that grape tannin could be an external source of varietal thiols [320]. Casu et al. reported 

that the levels of linoleic acid and deuterated 3SH in Sauvignon blanc juice had an strain-specific impact 

on the concentration of 3SH in wine [3]. Linoleic acid is naturally present in grape juice and is essential 

for yeast growth and metabolism during winemaking [3]. Biogenesis of varietal thiols is still a topic of 

debate and different hypothesis have been postulated [10, 131, 317].  

 

1.4.2.3. Aroma glycosides  
 

To date, more than 200 types of grape aroma glycosides have been reported. These glycosides have 

been shown to include a direct link of the aroma compound to a β-D-glucose moiety [321], such as 

arabinosyl-glucose, apiosyl-glucose, rhamnosyl-glucose, and glucose [322], to form flavourless  

mono-, di-, or tri-saccharide glycoconjugates [323]. Different glycosides can be found in grapes 

including those from terpenes, C13-norisoprenoids, phenols, C6 compounds, aliphatic alcohols, aliphatic 

acids, benzenic compounds, and phenolic acid derivatives (Figure 10). Among them, terpene 

glycosides are the earliest identified group of important grape aroma glycosides [324].  
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Figure 10: Typical aglycones from different grape aroma glycosides [325] 

 

Traditionally, glycosylated precursor analysis is indirect and is done by identifying their volatile 

aglycones on GC-MS after enzymatic or acid-catalysed hydrolysis [204, 326-330]. However, during the 

hydrolysis process, the structures of terpenes and other compounds may be modified or rearranged, 

which limits the application of hydrolysis [331]. Furthermore, although derivatised glycosides can also 

be analysed on GC-MS [323, 332, 333], there is no direct evidence to prove the bond between the 

volatile aromas and the sugars [334]. By contrast, some highly selective and sensitive LC-MS platforms 

are more suitable for the analysis of non-volatile and unstable glycoside precursors. Since most of these 

glycoside standards are commercially unavailable, a high-resolution analytical instrument to analyse 

the molecular structure of the glycosides is the first indispensable step in glycoside analysis.  

 

In order to understand the terpene glycoside profiles of three grape berries (White Muscat, Riesling 

Italico and Glera), 17 monoterpene glycosides were directly identified using the UHPLC-Q/TOF 

platform, using a Zorbax RP column (150 × 3 mm, 1.8 µm) [334]. Due to the lack of commercial 

standards, the grape extract was enzymatically hydrolysed, and GC-MS was used to further confirm 

the structures of the aglycones suggested by Q/TOF. In addition to structural identification, the article 

also reported a semi-quantitative analysis method [334]. The concentrations of 17 glycoside precursors 

were calculated on Q/TOF based on heptyl glucoside mg kg-1 and GC-MS based on 1-heptanol mg kg-
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1 of grape samples. However, during the study, it was found that on Q/TOF, the ionisation efficiency of 

[M-H]- between the semi-quantitative reference substance and the measured glycosides is very 

different. This difference might be because the reference, heptyl glucoside, is a saturated compound, 

but all the glycosides to be quantified were unsaturated. If an unsaturated compound had been used 

as a reference for the semi-quantitative analysis, the accuracy of these quantitative results might have 

been improved. 

 

In addition to terpene glycosides, which are the most widely studied glycoside precursors, a number of 

studies on other aroma glycoside precursors have also been reported. Ghaste et al. identified 15 

glycosylated precursors in ten grape cultivars through UHPLC-Q/TOF, and their free counterparts were 

furaneol, geranic acid, benzyl alcohol, and β-phenylethanol [335, 336]. After enzymatic hydrolysis, 66 

aroma substances, including the original aromas in berries and hydrolysate of glycoside precursors, 

were analysed using GC-MS. The Q/TOF data was used to identify glycoside structures, which was 

supported by the GC-MS results. 

 

1.5. Vineyard Ecosystems Programme 

 

In addition to genetic, varietal, oenological practices, the quality of a grape is determined by a 

comprehensive set of interactions concerning variables of soil, climate, environment, and controllable 

viticulture management. The concept of terroir takes into account all these factors as a whole [337]. In 

order to comprehensively evaluate and systematically study the role, relationship, and influence of 

different management approaches in the vineyard ecosystem, a research programme named the 

Vineyard Ecosystems (VE) programme was initiated by New Zealand Winegrowers Inc (NZW) and 

funded by the New Zealand Ministry of Business, Innovation and Employment (MBIE). The VE 

programme represents ‘a paradigm shift in the way we are doing wine science’. The experts involved 

in this programme are related to the vineyard ecosystem in various fields, including agronomy, analytical 

chemistry, life sciences, environmental sciences, and statistical sciences. Officially launched in 2015, 

this eight-year programme focuses on the vineyard planting model and whether the management of 

these vineyards plays a significant role in promoting the sustainability of its environment, soil, and 

grapevine growth. The holistic approach taken in this programme, arguably for the first time, provides 

a chance to look at the big picture of what happens in vineyards over several vintages and how this 

impacts grapevine health and longevity. 

 

Although the VE programme generated a lot of soil, fruit, wine data around microorganisms and other 

ecosystem services, the chemical analysis was not performed and the influence of different vineyard 

regimes on grape and wine composition was not known. Therefore, this project aimed to fill the current 

knowledge gap regarding the connection between viticultural practices and subsequent grape juice and 

wine chemical compositions. This project is aligned with the VE programme and Plant and Food 

Research’s Strategic Science Investment Fund (SSIF) project “VE wines project” (led by Claire Gross, 

PFR winemaker) that supply the grape juices and resulting wines for the chemical profiling. This study 
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was originally articulated as a PhD student project spanning over three years from 2018 to 2020. 

Unfortunately, due to the COVID-19 lockdowns in 2020, sample collection was affected. The VE 

programme was scheduled to continue until the 2021 harvest as a consequence. All metabolite data 

generated during this study will be added to the existing VE programme database. The data will be 

combined with environmental, climatic, and other related data to form a comprehensive data network. 

This wide-reaching, collaborative experimental method from vineyard ecology to wine quality has never 

been carried out in New Zealand before. This fundamental change in research methodology will benefit 

both wine science and the wine industry.  

 

1.6. Research Objectives 

 

In this study, two contrasting vineyard floor management approaches (the use of herbicides or 

mechanical) were compared [1]. One of the management approaches is named ‘Future’, representing 

vineyards that do not use herbicides to remove weeds under the grapevines but use alternative 

solutions such as mechanised weeding. The inter-row area is usually covered semi-permanently with a 

variety of vegetation. The contrasting management approach is called ‘Contemporary’, adopting the 

viticulture regime of most New Zealand vineyards; that is, herbicides can be used on the bare soil under 

the vines. The use of herbicides in Contemporary vineyards is the key difference from the Future 

program. The area between the vines usually maintains permanent vegetation cover under 

Contemporary regime. Although naturally occurring products are preferably used in Future vineyards, 

there are no strict rules around the use of fungicides and fertilisers. Vineyard owners can follow the 

previous management approaches, use fungicides and pesticides to eliminate fungal diseases and 

pests, use fertilisers to solve the problem of poor soil, and make appropriate adjustments annually as 

needed.  

 

Firstly, this PhD project sought to find the differences between the Contemporary and Future practices 

based on grape and wine chemistry. Using targeted approaches, the effect of vineyard practice on the 

VE grape juice and wine chemical compositions were assessed. C6 compounds, amino acids, and 

aroma precursors in the grape juices after harvest, as well as amino acids, aroma compounds, and 

precursors in the wines after spontaneous fermentation, were analysed using in-house analytical 

methods on various instrumental platforms, including liquid chromatography-triple quadrupole mass 

spectrometry (LC-MS/MS) and gas chromatography-single quadrupole mass spectrometry (GC-MS). 

Subsequently, these representative components were used firstly to determine major juice metabolites 

that differ between vineyard management practices, and secondly to determine wine chemistry to show 

how they change because of the vineyard management. Secondly, to the best of our knowledge, there 

have been no reports in the literature to determine the effect of glyphosate during winemaking on wine 

chemistry. For this reason, a fermentation experiment with glyphosate additions was conducted to 

understand the glyphosate effect on wine metabolites. Lastly, most of the analyses of grape matrices 

still employ traditional derivatisation methods. Therefore, there is a need to develop a fast, efficient, and 

accurate method for analysing amino acids in grape media and thus forms the final objective of this 
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research. A HILIC column was used to satisfy baseline separation requirements employing low pH 

mobile phases and MS/MS detection in positive ion mode [297, 298]. 

 

This research represents an opportunity for a fundamental shift in the way we understand how vineyard 

ecology relates to wine quality, and both the wine industry and the scientific community should find 

interest and value in the results from this innovative research project. Results obtained from this project 

add value to the story behind New Zealand wine and the overall vision of the VE programme. In turn, 

this information can be used by the New Zealand wine industry to make well-informed decisions about 

viticultural operations and herbicide applications in the field and how these practices may influence a 

finished wine.  
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Chapter 2. Amino Acid Analysis in Grape Juice Using 

UHPLC-MS/MS 

 

 

2.1. Introduction 

 

Amino acids play an essential role in both grapes and wines. They are one of the key nitrogen sources 

for grape growth [222] and are an important nutrient for yeast metabolism during alcoholic fermentation 

[223, 224]. In addition, they are vital precursors to aroma components in wine through biological 

transformations [225, 229, 235-237]. In 1958, Sparkman et al. first proposed the combination of cation 

exchange chromatography and post-column ninhydrin derivatisation to analyse the amino acids in 

proteins and automated this process [251-253, 338]. Since then, countless amino acid analytical 

methods have been developed, such as pre-column derivatisation RP-HPLC with diode array detector 

(DAD) [264],  photodiode array detector (PDA) [222, 268, 269], or fluorescence detector (FLD) [261, 

263, 265-267, 270]; high-performance anion-exchange chromatography with pulsed amperometric 

detection (HPAEC-PAD); capillary electrophoresis (CE); and UHPLC [339, 340]. Another widely used 

chromatographic platform ‒ the amino acid analyser ‒ has been designed exclusively for amino acid 

analysis, using post-column ninhydrin derivatisation and a visible detector [258]. Nowadays, amino acid 

analysis has a broad and important role in agriculture, food, medicine, and other research [254, 255, 

274, 275, 282-286]. 

 

Since most amino acids do not have a chromophore group, as required for spectroscopic detection, 

they need to be derivatised [249, 250]. However, derivatisation methods can be cumbersome and time-

consuming [341, 342]. It is difficult to judge the stability of the derivatised compounds, ensure the 

reactions go to completion and limit unwanted side reactions from occurring [281]. Compound 

identification using these instruments tends to rely on the retention time of each amino acid. Therefore, 

chromatographic separation is important, and considerable time and effort are required to optimise the 

chromatographic conditions (i.e.  column stationary phase and temperature, mobile phase composition 

and flow rate). Compound co-elution makes it difficult to distinguish target amino acids from non-target 

compounds and artefacts, subsequently affecting the accuracy of qualitative and quantitative analyses 

[301].  

 

With the development of ESI and tandem mass spectrometry (MS) technologies, the combination of 

LC-ESI-MS/MS has been widely employed for amino acids analysis [297, 298, 302, 343-346]. Precursor 

ions and corresponding product ions of target compounds can be simultaneously selected with the help 

of triple quadrupole mass spectrometry (MS/MS) using multiple reaction monitoring (MRM) mode. With 

this technology, even if the compounds are not separated well on the chromatographic column, accurate 

identification and quantification of amino acids can be achieved in a complex matrix [300].  Furthermore, 

because MS can directly acquire targeted information on protonated molecules and characteristic 
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fragments, samples can be directly injected into the instruments after filtration and internal standard 

addition, importantly, without derivatisation or SPE pre-treatment [289, 290, 292, 301].  

 

The selection of a chromatographic column is another critical factor in amino acid analysis as this 

directly affects the baseline separation and the peak shapes of target compounds, influencing the 

accuracy of quantitative analysis. As a result, some LC columns specifically designed for amino acid 

analysis have now been commercially produced to meet the increasing demand for amino acid analysis, 

such as the Intrada amino acid column (100 × 3 mm, 3 µm) [300], and the AcclaimTM RSLC 

PolarAdvantage II column (250 × 2.1 mm, 2.2 µm) [291]. Furthermore, the emergence of a new type of 

hydrophilic LC column enables such polar compounds to be retained and separated in a hydrophobic 

mobile phase that does not contain ion-pair reagents [279, 294]. The technique using this column is 

known as hydrophilic interaction liquid chromatography (HILIC), which can solve the challenges of 

amino acid analysis and perform well in the baseline separation of problematic amino acids, including 

leucine and isoleucine, glutamine, glutamic acid and lysine [297-299]. HILIC-MS/MS has been widely 

used for amino acid analysis in foods and beverages, such as Chinese Ziziphus jujuba fruits [299] and 

apple juice [296]. In 2012, LC-MS/MS combined with a HILIC column was successfully applied by Gika 

et al. to the detection of 31 amino acids in eight red and six white grapes grown in Italy [293, 347]. Also, 

HILIC combined with other mass spectrometers was also reported for amino acid analysis, including 

high-resolution Orbitrap MS in various juice, wine, and beer samples [295]. 

 

In this study, based on published methods [297, 298], a zwitterionic HILIC column was used to develop 

an UHPLC-MS/MS method to analyse 19 free amino acids in grape juice. The method covers a wide 

detection range and has good reproducibility, high sensitivity and efficiency, and simple sample 

preparation without derivatisation. It was applied to three varieties of grape juice (Sauvignon blanc, 

Pinot noir, and Merlot), the differences of which are evaluated and assessed. 

 

2.2. Materials and Methods 

2.2.1. Materials 

 

Juice samples of three grape varieties were collected in 2018, 2019, and 2021 vintage years, namely 

Sauvignon blanc, Pinot noir, and Merlot. These samples were sourced from 24 vineyards, 12 in Hawke’s 

Bay (6 Sauvignon blanc and 6 Merlot) and the other 12 in Marlborough (6 Sauvignon blanc and 6 Pinot 

noir). These blocks adopted either Future (mechanical by cultivation or mowing) or Contemporary (use 

of synthetic herbicides) viticulture regimes. 

 

2.2.2. Chemicals and solutions 

 

Amino acid standards and internal standards (Table 6) were purchased from Sigma-Aldrich 

(Christchurch, New Zealand). Acetonitrile (99.9 %) was purchased from J.T.Baker, and formic acid (LC-
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MS grade) was supplied by Fisher Chemical. Ammonium formate (99.995 %), D-(+)-glucose (99.5 %) 

and D-(-)-fructose (99 %) were from Sigma-Aldrich (St Louis, MO). L-(+)-tartaric acid (99.5) and sodium 

hydroxide (98.5 %) were purchased from Scharlau (Barcelona, Spain). Hydrochloric acid (37 %, AR 

grade) as pH adjuster was from ECP, New Zealand. Ultrapure water (18.2 MΩ cm-1 resistivity at 25 °C) 

was supplied by a Barnstead NANOpure® Diamond™ water purification system (ThermoFisher 

Scientific, Waltham, MA, USA). 

 

Table 6: Amino acids used in this study. The purity for each amino acid is indicated in brackets. 

Chemical (Purity %) Code  Chemical (Purity %) Code 

L-Phenylalanine (98) Phe  L-Asparagine (98) Asn 

L-Tryptophan (98) Trp  L-Glutamic acid (99) Glu 

L-Leucine (98) Leu  L-Aspartic acid (98) Asp 

L-Isoleucine (98) Ile  L-Histidine monohydrochloride monohydrate (98) His 

L-Methionine (98) Met  L-Arginine monohydrochloride (98) Arg 

L-Tyrosine (98) Tyr  L-Lysine monohydrochloride (98) Lys 

L-Valine (98) Val    

L-Cysteine hydrochloride (98)   d3-L-Methionine (99) d3-Met 

L-Alanine (98) Ala  d3-L-Alanine (99) d3-Ala 

L-Threonine (98) Thr  d2-Glycine (99) d2-Gly 

Glycine (99) Gly  d3-Aspartic acid (98) d3-Asp 

L-Glutamine (99) Gln  d8-L-Lysine hydrochloride (98) d8-Lys 

L-Serine (99) Ser    

 

Model grape juice was prepared by dissolving 100 g of D-(+)-glucose, 100 g of D-(-)-fructose, and 5 g 

of L-(+)-tartaric acid in 1 L of ultrapure water; pH was adjusted to 3.2 with hydrochloric acid. Stock 

standard solutions of each amino acid at concentrations of 1 mg mL-1 were prepared by dissolving each 

compound in 10 mL of 0.1 M hydrochloric acid. Except for glutamine and asparagine solutions which  

were prepared and used as required [246], stock solutions were stored at −20 °C for long term needs. 

Working solutions of amino acids were prepared by dilution of stock solutions in model grape juice, and 

a set of eight calibration samples ranging from 10 ng mL-1 to 25 µg mL-1 were prepared in the model 

grape juice. ISTD mix (d3-methionine, d3-alanine, d2-Glycine, d3-aspartic acid, and d8-lysine 

hydrochloride) was added to each sample to give a final concentration of each internal standard at 

2.5 µg mL-1.  

 

The preparation of the mobile phases was as follows. A 200 mmol L-1 of ammonium formate stock 

solution was prepared in ultrapure water and adjusted to pH 3 with formic acid. The stock solution was 

filtered through a 0.45 µm regenerated cellulose membrane (Phenomenex, 47 mm dia., non-sterile). 

Mobile phase A (aqueous phase) was prepared by diluting the stock solution 9:1 in ultrapure water; 

mobile phase B (organic phase) was prepared by diluting the stock solution 9:1 in acetonitrile (final 

ammonium formate concentration of both mobile phases was 20 mmol L-1). Both mobile phases were 
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degassed in the ultrasonic bath for 15 minutes prior to use. The low proportion of water in the acetonitrile 

(mobile phase B) is essential to make the ammonium formate buffer entirely dissolve in the organic 

phase [348]. Fresh mobile phase was prepared for each run [297].  

 

2.2.3. Sample pre-treatment 

 

The homogenised grape juice was centrifuged (1,789 g, 5 min) in a 2 mL Eppendorf tube in technical 

duplicate. The supernatant was collected with a 3 mL syringe and then filtered with a 0.2 μm Phenex-

RC syringe filter (regenerated cellulose membrane, 15 mm dia., non-sterile) into a new 2 mL Eppendorf 

tube. The filtered sample (100 μL) was then diluted in 900 μL ultrapure water, and 25 μL of the internal 

standard mix was added to the diluted sample to account for matrix effect and analytical error [349, 

350]. The sample was transferred into a 2 mL amber crimp vial and sealed with a crimp cap pending 

analysis in a randomised order. 

 

2.2.4. UHPLC-MS/MS conditions 

 

Chromatographic conditions: An Agilent 1290 Infinity UHPLC (Santa Clara, CA), equipped with a 

quaternary pump, was used for the chromatographic separation of 19 amino acids in juice samples. 

Samples (1 µL) were injected onto an Agilent InfinityLab Poroshell 120 HILIC-Z column (2.1 x 100 mm, 

2.7 µm) fitted with a 5 mm guard column of the same packing, operating at a temperature of 25 °C. The 

solvent used was ammonium formate (20 mmol L-1) in ultrapure water (mobile phase A) and ammonium 

formate (20 mmol L-1) in 9: 1 acetonitrile/ultrapure water (mobile phase B) at a flow rate of 0.5 mL min-

1. The gradient for solvent B for the 18 minutes run is shown in Table 7. The column was equilibrated 

with 99 % solvent B for 6 minutes prior to injection. 

 

Table 7: Eluent gradient for the chromatographic separation of 19 amino acids 

Retention time (min) Mobile phase A (%) Mobile phase B (%) 

0 1 99 

11 30 70 

11.5 30 70 

12 1 99 

18 1 99 

 

Mass spectrometric conditions: An Agilent 6460 MS/MS (Santa Clara, CA) was used for the detection 

of amino acids in juice samples. All mass spectrometric data were obtained in positive-ion mode using 

an Agilent jet stream ESI probe (Santa Clara, CA), and data collection started at 2 minutes and ended 

at 10 minutes. Nitrogen (BOC, Auckland) was used as the desolvation gas at 13 L min-1 at 330 °C, 

nebuliser was set at 35 psi, and sheath gas temperature was 390 °C at 12 L min-1. The ESI capillary 
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was set at 2,000 V, and the nozzle voltage was at 1,000 V. The delta electron multiplier voltage (EMV) 

was set at 200 V.  

 

The fragmentation voltage and collision energy were optimised for each transition. For dynamic multiple 

reaction monitoring (dMRM), Q1 had a wide resolution while Q3 had a unit resolution. The transition 

chosen had a dwell time of 50 ms each. The Quant and Qual ions used for quantification and 

identification, respectively, are presented in Table 8. 
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Table 8: MRM parameters for 19 amino acids and 5 internal standards. Internal standards are denoted in bold 

No. Compound Retention time 

(min) 

Precursor ion 

(m/z) 

Product ions 

Quant ion 

(m/z) 

Collision energy 

(eV) 

Qual ion 

(m/z) 

Collision energy 

(eV) 

Fragmentor 

(V) 

1 Phenylalanine 3.3 166.0 120.1 13 103.0 29 70 

2 Tryptophan 3.3 205.1 187.9 5 145.9 15 70 

3 Leucine 3.7 132.0 86.1 5 44.2 25 70 

4 Isoleucine 4.0 132.0 86.1 5 69.1 15 70 

5 Methionine 4.3 150.0 56.2 15 104.0 5 65 

6 d3-Methionine 4.3 152.9 56.1 15 106.9 5 65 

7 Tyrosine 4.7 182.0 91.1 25 164.9 5 75 

8 Valine 5.0 118.0 72.1 5 55.1 15 70 

9 Cysteine 5.5 121.9 59.0 25 76.0 13 45 

10 Alanine 5.8 90.0 44.2 9 45.3 40 70 

11 d3-Alanine 5.8 93.0 47.2 9 45.2 40 70 

12 Threonine 5.9 120.0 74.1 5 56.1 15 75 

13 Glycine 6.2 76.0 30.1 5 47.8 5 60 

14 d2-Glycine 6.2 78.0 32.2 5 50.2 15 75 

15 Glutamine 6.3 147.0 84.0 15 129.9 5 60 

16 Asparagine 6.4 133.0 74.0 15 87.0 5 60 

17 Serine 6.4 106.0 60.1 5 42.2 24 60 

18 Glutamic acid 6.7 148.0 84.0 15 129.9 5 70 

19 d3-Aspartic 7.3 136.8 75.0 13 90.9 5 70 

20 Aspartic acid 7.3 134.0 74.0 13 88.0 5 70 

21 Histidine 8.1 156.0 110.1 13 83.0 25 80 

22 Arginine 8.4 175.1 70.1 25 60.1 12 75 

23 d8-Lysine 9.0 154.9 92.1 15 137.9 5 60 

24 Lysine 9.0 147.1 84.1 15 129.9 5 60 
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2.3. Results and Discussion 

2.3.1. Optimisation of MS conditions  

 

Nineteen amino acid standards and five internal standards were directly injected into the MS to study 

the cleavage behaviour of each compound in positive and negative ion modes. High-abundance, 

reproducible ion fragments were selected for subsequent quantification after adjusting the spray 

voltage, gas flow, collision energy, and other parameters. After comparison and optimisation, the 24 

standards had better sensitivity in the positive mode than in the negative mode. The corresponding 

mass spectrum of each amino acid is shown in Figure 11 and Figure 12. The 24 standards had stable 

MS/MS cleavage behaviour in the positive mode, and all their molecular ions were protonated adducts 

([M + H]+). Some amino acid characteristic neutral loss molecules were easily calculated in the MS/MS 

spectrum, such as HCOOH (46 m/z) in valine (118 → 72 m/z), CH3COOH (60 m/z) in aspartic acid (134 

→ 74 m/z), and NH3 (17 m/z) in tryptophan (205 →118 m/z).  
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Figure 11: Mass Spectra of five internal standards detected under positive ionisation mode (X-axis unit: m/z) 
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Figure 12: Mass Spectra of 19 amino acids detected under positive ionisation mode (X-axis unit: m/z) 
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Figure 12 (continued) 
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Figure 12 (continued) 

 

The response of each amino acid changed during MS parameter optimisation. As shown in Table 9, the 

response of each amino acid increased with increasing sheath gas temperature and flow. Therefore, 

390 °C and 12 L min-1 were selected as the optimised sheath gas temperature and flow values, 

respectively. Furthermore, for each amino acid, the difference between the highest and lowest values 

of the temperature was bigger than that of the flow, suggesting that the optimisation of the temperature 

was more influential on the peak response than that of the flow. Other MS parameters were arranged 

in the following order according to their MS response differences between the highest and the lowest 

response values: sheath gas temperature, sheath gas flow, nebulizer pressure, capillary voltage, nozzle 

voltage, drying gas temperature, and drying gas flow. This result can be used as a reference for 

optimising the parameter sequence in the process of MS optimisation in the future. 

 



56 
 

Table 9: The effect of sheath gas temperatures and flows on the LC-MS/MS response of each amino acid 

Amino acid Sheath gas 

temperature 

(240 °C) 

Sheath gas 

temperature 

(290 °C) 

Sheath gas 

temperature 

(340 °C) 

Sheath gas 

temperature 

(390 °C) 

The difference 

between the 

highest and 

lowest 

responses of 

the sheath gas 

temperature 

(°C) 

Sheath gas 

flow 

(8 L min-1) 

Sheath gas 

flow 

(10 L min-1) 

Sheath gas 

flow 

(12 L min-1) 

The difference 

between the 

highest and 

lowest 

responses of 

the sheath gas 

flow 

(L min-1) 

PHE 544134 ± 

4723 a 

640925 ± 

5314 b 

710600 ± 

6225 c 

741654 ± 

8348 d 

197516 ± 

3882 

746201 ±  

554 e 

843787 ± 

6319 f 

843819 ± 

4994 f 

97618 ±  

1119 

TRP 345766 ± 

2995 a 

447142 ± 

4679 b 

531456 ± 

10648 c 

574996 ± 

22075 d 

229230 ± 

19411 

552423 ± 

3944 e 

652936 ± 

10864 f 

696602 ± 

47554 f 

144179 ± 

45962 

LEU 2202309 ± 

41404 a 

2711557 ± 

48258 b 

3105987 ± 

60379 c 

3307170 ± 

68086 d 

1104861 ± 

29048 

3004313 ± 

33104 e 

3502258 ± 

45624 f 

3619763 ± 

37948 g 

615450 ± 

8983 

ILE 2979685 ± 

43714 a 

3454243 ± 

62006 b 

3789682 ± 

80205 c 

4024706 ± 

88671 d 

1045021 ± 

45289 

3737560 ± 

60352 e 

4152743 ± 

81535 f 

4146993 ± 

58462 f 

409432 ± 

6529 

MET 273090 ± 

2410 a 

327666 ± 

3506 b 

368609 ± 

4979 c 

395195 ± 

4839 d 

122104 ± 

2446 

366160 ± 

2717 e 

410068 ± 

3719 f 

419202 ± 

3550 g 

53042 ±  

833 

TYR 53585 ±  

749 a 

74578 ±  

714 b 

93956 ±  

1091 c 

109098 ± 

1126 d 

55513±  

385 

87125 ±  

719 e 

110121 ±  

817 f 

123100 ±  

836 g 

35975 ±  

161 

VAL 876887 ± 

6959 a 

1008369 ± 

8778 b 

1099191 ± 

10662 c 

1168286 ± 

13689 d 

291399 ± 

6730 

1073327 ± 

7211 e 

1194324 ± 

8642 f 

1238755 ± 

6771 g 

165428 ±  

440 

Letters denote significant differences as indicated by Tukey’s honestly significant difference (p-value < 0.05). 
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Table 9 (continued) 

Amino acid Sheath gas 

temperature 

(240 °C) 

Sheath gas 

temperature 

(290 °C) 

Sheath gas 

temperature 

(340 °C) 

Sheath gas 

temperature 

(390 °C) 

The difference 

between the 

highest and 

lowest 

responses of 

the sheath gas 

temperature 

(°C) 

Sheath gas 

flow 

(8 L min-1) 

Sheath gas 

flow 

(10 L min-1) 

Sheath gas 

flow 

(12 L min-1) 

The difference 

between the 

highest and 

lowest 

responses of 

the sheath gas 

flow 

(L min-1) 

CYS 11362 ±  

148 a 

17658 ±  

214 b 

24883 ±  

363 c 

32100 ±  

357 d 

20738 ±  

210 

15800 ±  

118 e 

27912 ±  

247 f 

37592 ±  

322 g 

21791 ±  

207 

ALA 130483 ± 

1729 a 

151424 ± 

1293 b 

167374 ± 

1959 c 

182769 ± 

1740 d 

52286 ±  

201 

152441 ± 

1397 e 

176745 ±  

959 f 

189271 ± 

1611 g 

36830 ±  

235 

THR 99653 ±  

1133 a 

124028 ± 

1538 b 

141875 ± 

2405 c 

156553 ± 

2590 d 

56900 ±  

1479 

130777 ± 

1622 e 

150677 ± 

1829 f 

160375 ± 

1902 g 

29598 ±  

281 

GLY 7849 ±  

215 a 

9483 ±  

234 b 

10937 ±  

153 c 

12170 ±  

141 d 

4321 ±  

77 

8554 ±  

38 e 

11171 ±  

113 f 

12664 ±  

80 g 

4110 ±  

42 

GLN 41534 ± 3 

33 a 

54555 ±  

421 b 

64820 ±  

633 c 

70369 ±  

796 d 

28836 ±  

464 

50376 ±  

194 e 

57766 ±  

539 f 

64359 ±  

520 g 

13983 ±  

343 

SER 30734 ±  

633 a 

40890 ±  

941 b 

49223 ±  

1010 c 

55396 ±  

1199 d 

24663 ±  

567 

42828 ±  

749 e 

54409 ±  

816 f 

62991 ±  

798 g 

20163 ±  

234 

ASN 31693 ±  

465 a 

41252 ±  

494 b 

49238 ±  

659 c 

56164 ±  

918 d 

24471 ±  

457 

46226 ±  

451 e 

54378 ±  

699 f 

61061 ±  

800 g 

14835 ±  

359 

Letters denote significant differences as indicated by Tukey’s honestly significant difference (p-value < 0.05). 
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Table 9 (continued) 

Amino acid Sheath gas 

temperature 

(240 °C) 

Sheath gas 

temperature 

(290 °C) 

Sheath gas 

temperature 

(340 °C) 

Sheath gas 

temperature 

(390 °C) 

The difference 

between the 

highest and 

lowest 

responses of 

the sheath gas 

temperature 

(°C) 

Sheath gas 

flow 

(8 L min-1) 

Sheath gas 

flow 

(10 L min-1) 

Sheath gas 

flow 

(12 L min-1) 

The difference 

between the 

highest and 

lowest 

responses of 

the sheath gas 

flow 

(L min-1) 

GLU 104974 ± 

1954 a 

137307 ± 

3015 b 

166274 ± 

2618 c 

189075 ± 

4044 d 

84101 ±  

2183 

154248 ± 

2914 e 

183073 ± 

2996 f 

205304 ± 

3482 g 

51056 ±  

680 

ASP 28855 ±  

755 a 

40113 ±  

1134 b 

51847 ±  

1371 c 

62091 ±  

1918 d 

33235 ±  

1176 

41806 ±  

1188 e 

56518 ±  

1286 f 

65959 ±  

2228 g 

24153 ±  

1044 

HIS 440125 ± 

10351 a 

568821 ± 

14960 b 

680204 ± 

20941 c 

780931 ± 

26738 d 

340807 ± 

16388 

663498 ± 

13721 e 

778185 ± 

21783 f 

928356 ± 

24899 g 

264858 ± 

11476 

ARG 571652 ± 

9598 a 

781543 ± 

17813 b 

1011827 ± 

19911 c 

1240501 ± 

33336 d 

668849 ± 

23740 

905000 ± 

14852 e 

1152537 ± 

14840 f 

1428599 ± 

30041 g 

523599 ± 

15357 

LYS 625298 ± 

5486 a 

797633 ± 

6689 b 

916033 ± 

12424 c 

995772 ± 

17907 d 

370474 ± 

12426 

902121 ± 

6465 e 

1034076 ± 

8064 f 

1129241 ± 

11047 g 

227120 ± 

4610 

Letters denote significant differences as indicated by Tukey’s honestly significant difference (p-value < 0.05). 

 



59 
 

The chromatographic separation of 19 amino acids and five internal standards is shown in Figure 13, 

and all their retention times were less than 10 minutes. Amino acids showed good separation results 

using the InfinityLab Poroshell 120 HILIC-Z (2.1 × 100 mm, 2.7 µm) column and eluting with a water–

acetonitrile solvent system containing 20 mM ammonium formate. It is worth noting that baseline 

separation of the isomers isoleucine and leucine and isobars lysine and glutamine could also be 

achieved. However, a few peaks partially or fully co-eluted, such as the five internal standards and their 

corresponding amino acids, phenylalanine and tryptophan, and glutamine, asparagine, and serine. 

MRM mode was used so the MS could simultaneously monitor the precursor ions and corresponding 

product ions of complex samples containing multiple components. Therefore, even if the compounds 

were fully/partially overlaid, accurate qualitative and quantitative determination of amino acids could still 

be achieved (Figure 14). 
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Figure 13: Extracted ion chromatograms of 19 amino acids and five internal standards in overlaid mode. The amino acid names are shown in Table 8. 



61 
 

 

Figure 14: Extracted ion chromatograms of 19 amino acids and five internal standards in list mode 
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Figure 14 (continued) 
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2.3.2. Optimisation of chromatographic conditions 

 

When using traditional methods for amino acid analysis, most of the amino acids do not have the 

chromophore required for optical detection so time-consuming and laborious pre- or post-column 

derivatisation reactions are required for spectrophotometric detection [249, 250], such as DAD [264], 

PDA [222, 268, 269], or FLD [261, 263, 265-267, 270]. The completeness of some amino acid 

derivatisation reactions is difficult to guarantee, and sometimes non-target derivatives are generated 

[281]. These drawbacks will affect the accurate determination of amino acids. Therefore, the sample 

preparation conditions for traditional amino acid analysis can be demanding [339-342]. Compared with 

the traditional amino acid analysis method, the pre-treatment steps of this direct method are simple, 

and the MS can directly detect the amino acid molecule without derivatisation.  

 

MRM mode can monitor precursor and product ions at the same time [300] and extract each overlayed 

chromatographic peak from the same retention period. However, in the optimisation stage of this study, 

it was found that the elution conditions of the mobile phase were critical because they affected not only 

the chromatographic separation but also the peak shape, which was also crucial for quantitative 

accuracy. As described in Section 2.2.4, the final elution conditions of this experiment used 99 % of 

mobile phase B as the initial mobile phase at 0 minutes and gradually decreased to 70 % over 11 

minutes. When optimising this condition, the chromatographic results of the initial ratio from 100 % to 

95 % of mobile phase B were compared and it was found that it had an effect on the three amino acids 

analysed, cysteine, alanine, and threonine.  

 

Peak shape was subsequently considered using peak asymmetry factor (As = b/a) as shown in Figure 

15 [351]. The values of ‘a’ and ‘b’ were measured at 1/10 peak height [352]. The value ‘a’ represents 

the retention time between the highest peak point (tR) and the peak leading edge (ta), whereas value ‘b’ 

represents the retention time between the highest peak point (tR) and the peak tailing edge (tb). Thus, 

when As is greater than 1, the peak is tailing and the peak is fronting when As is smaller than 1. 
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Figure 15: Peak asymmetry factor As = b/a [352] 

 

The peak asymmetry factors are shown in Figure 16 and corresponding chromatographic peaks can be 

seen in Figure 17. As the initial ratio of mobile phase B decreased, the retention time of the three amino 

acids gradually shortened, and the degree of separation gradually increased. This faster elution is due 

to the HILIC retention mechanism that elution is promoted by increasing the water proportion in the 

mobile phase [353, 354].  

 

 
Figure 16: Peak asymmetry factors of cysteine, alanine, and threonine at different initial solvent conditions 
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Figure 17: Comparison of peak shapes of cysteine, alanine, and threonine under different initial mobile phase 

conditions 

 

Furthermore, there were clear changes in the peak shapes of the three amino acids. Under the initial 

condition of 100 % of mobile phase B, the peak shape of cysteine (As = 2.00) had a higher symmetry 

than that of the other two amino acids (As = 0.54 for alanine, and 1.63 for threonine) which showed 

noticeable peak broadening. On the contrary, under the initial conditions of 98 % to 95 % of mobile 

phase B, only the peak shape of cysteine (0.62 < As < 0.90) showed varying degrees of fronting and 

deterioration. Under the initial condition of only 99 % of mobile phase B, the peak shape of all three 

amino acids was good (As = 2.13 for cysteine, 2.00 for alanine, and 1.38 for threonine), and accurate 

quantification could be achieved. The changes of peak shapes were likely caused by the difference in 

pH between mobile phases A and B. When making the mobile phase, 0.2 mol L-1 ammonium formate 

with a pH of 3 was diluted ten times in ultrapure water and acetonitrile, respectively, to form mobile 

phases A and B (Section 2.2.4). After dilution, the pH of mobile phase A was 3.1, and mobile phase B 

was 5.4. In the gradient elution process, the adjustment of the mobile phase initial ratio directly led to 

the change of the pH value, which became an important factor affecting peak shape [348]. This is 
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because the mobile phase pH values change the amino acid charged states. Generally, the charged 

amino acids are more hydrophilic than their neutral forms, resulting in corresponding higher retention 

on the HILIC column stationary phase [353] and peak shapes of the analytes. The same effect has also 

been observed by Guo et al. in 2013 where acidic pH ammonia mobile phase buffers resulted in faster 

elution and better peak shapes than the buffers with neutral and basic pH when amino acids were 

analysed using LC-MS/MS with a HILIC column [299]. 

 

2.3.3. Quantification and validation 

 

The stock solution of nineteen amino acid standards was diluted into eight different concentration 

solutions using model grape juice. These concentrations covered a typical range of the compounds 

investigated in grape juice [257], approximately equating to 0 (blank), 0.01, 0.05, 0.1, 0.5, 1, 5, and 

10 µg mL-1. After LC-MS/MS determination in triplicate, the standard curves (Figure 47 in the Appendix) 

were established using Agilent MassHunter Quantitative Analysis (for QQQ) software, linear regression 

analyses were performed, and the correlation coefficients were calculated. The concentration of the 19 

amino acids had an excellent linear regression with the response value of MS. The correlation 

coefficients (R2) were higher than 0.9938 (Table 10). 
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Table 10: Calibrations and precisions of detection of the 19 amino acids 

Amino acid Internal standard Linearity Linearity range LOD Concentration RSD (%, n=6) 

R2 ng mL-1 ng mL-1 ng mL-1 0.1 µg mL-1 1 µg mL-1 10 µg mL-1 

Phenylalanine d3-Methionine 0.9997 10.4 1.04 E+04 52.4 2.3 0.4 0.4 

Tryptophan d3-Methionine 0.9996 12.1 1.21 E+04 57.8 5.8 0.5 0.6 

Leucine d3-Methionine 0.9938 16.8 1.68 E+04 363 1.0 0.6 0.2 

Isoleucine d3-Methionine 0.9955 14.3 1.43 E+04 265 3.5 0.9 0.4 

Methionine d3-Methionine 0.9999 12.1 1.21 E+04 34.3 3.8 0.4 0.4 

Tyrosine d3-Alanine 0.9984 11.6 1.16 E+04 122 0.9 1.7 1.1 

Valine d3-Alanine 0.9984 10.8 1.08 E+04 62.8 9.2 1.5 0.9 

Cysteine d3-Alanine 0.9984 15.6 1.56 E+04 89.9 8.7 2.1 2.1 

Alanine d3-Alanine 0.9997 10.5 1.05 E+04 37.0 6.5 1.2 0.5 

Threonine d3-Alanine 0.9992 11.5 1.15 E+04 63.2 5.2 2.8 0.9 

Glycine d2-Glycine 0.9996 18.4 1.84 E+04 102 9.4 1.3 1.0 

Glutamine d2-Glycine 0.9981 11.0 1.10 E+04 130 5.8 3.9 1.4 

Asparagine d2-Glycine 0.9984 10.5 1.05 E+04 105 5.0 3.5 2.3 

Serine d2-Glycine 0.9996 11.2 1.12 E+04 60.6 2.2 2.6 1.2 

Glutamic acid d3-Aspartic acid 0.9979 13.4 1.34 E+04 150 7.8 4.2 0.5 

Aspartic acid d3-Aspartic acid 0.9997 11.8 1.18 E+04 49.3 8.0 2.8 1.2 

Histidine d3-Aspartic acid 0.9948 10.0 1.00 E+04 172 7.7 1.9 1.5 

Arginine d3-Aspartic acid 0.9994 8.70 8.68 E+03 55.0 1.3 3.2 2.0 

Lysine d8-Lysine 0.9999 8.10 8.08 E+03 18.6 7.2 0.5 1.1 

RSD: relative standard deviation; LOD: limit of detection. 
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Through the experimental determination of a series of low-concentration amino acid standards, the limit 

of detection (LOD) was determined using a method published by Hubaux and Vos [355]. The LOD of 

the 19 amino acids ranged from 18.6 (lysine) to 363 (leucine) ng mL-1. The LOD of most amino acids 

was less than 150 ng mL-1. Meanwhile, three of the eight concentration points were selected for the 

precision experiment. These three concentrations represented low, medium, and high concentrations, 

respectively. Six replicate standards at each concentration were injected, and the precision calculated. 

Table 10 shows that at different concentrations, the relative standard deviation (RSD) of each amino 

acid showed only minor variation using MS quantification, ranging from 0.2 % to 9.4 %. 

 

In addition to model juice, Sauvignon blanc juice was selected as another matrix for the recovery 

experiment. After amino acids present in the juice matrix were taken into account, amino acid standards 

of approximately 1 µg mL-1 and 5 µg mL-1 along with the internal standard mixture were added to the 

two matrices, respectively. The average recovery values of three replicate injections were calculated in 

the model grape juice and the Sauvignon blanc juice (with or without the standard) according to the 

concentration of the standard using the following formula:  

𝑅
𝐶𝑜 𝐶𝑏
𝐶𝑠

100, 

where R represents the value of recovery, Co represents the calculated concentration in the spiked 

matrix, Cb represents the calculated concentration in the non-spiked matrix and, Cs represents the 

spiked concentration in the matrix [289]. The recovery rates of 19 amino acids were distributed in the 

model juice matrix from 81.49 % to 124.43 %, and in the Sauvignon blanc juice matrix from 80.25 % to 

127.49 %, as shown in Table 11. 
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Table 11: Recovery rates of 19 amino acids 

Amino acid Internal standard Model grape juice (%) Sauvignon blanc juice (%) 

1 µg mL-1 5 µg mL-1 1 µg mL-1 5 µg mL-1 

Phenylalanine d3-Methionine 85.29 110.54 88.19 122.97 

Tryptophan d3-Methionine 92.86 112.68 89.18 117.06 

Leucine d3-Methionine 91.77 111.68 94.43 109.78 

Isoleucine d3-Methionine 89.55 106.68 111.84 129.47 

Methionine d3-Methionine 101.67 104.55 112.33 117.46 

Tyrosine d3-Alanine 89.18 96.04 95.62 105.03 

Valine d3-Alanine 81.49 94.30 87.54 94.77 

Cysteine d3-Alanine 84.52 94.37 116.01 120.15 

Alanine d3-Alanine 100.52 103.22 80.25 106.98 

Threonine d3-Alanine 84.90 93.88 83.24 110.47 

Glycine d2-Glycine 104.96 106.39 117.48 118.03 

Glutamine d2-Glycine 85.77 96.71 89.26 87.91 

Asparagine d2-Glycine 92.86 98.75 104.28 119.83 

Serine d2-Glycine 80.86 93.81 101.55 113.58 

Glutamic acid d3-Aspartic acid 96.91 106.71 127.49 122.08 

Aspartic acid d3-Aspartic acid 92.46 99.98 111.96 118.36 

Histidine d3-Aspartic acid 92.88 110.95 106.80 124.05 

Arginine d3-Aspartic acid 86.68 124.43 115.65 121.13 

Lysine d8-Lysine 100.99 102.38 106.14 116.35 

 

After validation, this LC-MS/MS method was used to quantify the total free amino acids in grape juice 

samples analysed in the following chapters. The concentrations of all amino acids were quantified, 

except for cysteine which was not detected in the Vineyard Ecosystems (VE) juice samples.  

 

In conclusion, the separation and detection of 19 amino acids, using LC-MS/MS with an Agilent 

InfinityLab Poroshell 120 HILIC-Z column (2.1 x 100 mm, 2.7 µm), were optimised. The validation of the 

method showed that the sensitivity and stability of the method were suitable for the analysis of amino 

acids in wine and juice related matrices. The method developed in this study provided a wide linear 

range and good recovery results in grape juice matrix [257]. In comparison with the single sample 

analysis time of the exclusive amino acid analyser which takes approximately one hour [356, 357], the 

entire analysis process took only 18 minutes in this experiment, which significantly improved the 

analysis efficiency. The ultra-high sensitivity of MS meant the sensitivity of this method was at least ten 

times better than that of UV [260, 288], DAD [262], FLD [260], and the amino acid analyser [356-360]. 

Finally, the 19 free amino acids in three different grape juices, including Sauvignon blanc, Pinot noir, 

and Merlot, were directly tested for further studying the effects of vineyard management regimes, the 

results of which are discussed in the following chapters.   
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Chapter 3. Effect of Viticulture Regimes on Targeted 

Metabolites in Grape Juice 

 

 

3.1. Introduction 

 

In the past few decades, agricultural modernisation has gradually increased chemical technology 

development, thus intensifying the application of agrochemicals to grow commercial crops. Herbicides 

have been invaluable and have played a role in the synthetic chemical arsenal of modern agriculture 

[361]. The purpose of herbicide treatment is to limit or eliminate the competition for water and nutrients 

between weeds and grapevines [95, 104, 105] and to further improve the quality of grapes and wines 

[362]. However, at the same time, it has caused myriad of problems, such as acidified soil, increased 

incidence of animal and plant diseases, and reduced food quality [363]. Consumers nowadays are more 

aware of the negative impacts of agricultural intensification and the use of agrochemicals on the 

environment. Therefore, the demand for products that are produced in an environmentally friendly and 

sustainable manner is on the rise [364].  

 

In order to meet consumers’ expectations, the use of synthetic agrochemicals in agriculture and the 

environment has been strictly regulated in many countries [365, 366], and the concept of organic 

cultivation that does not require much chemical input, has received considerable attention [367]. In the 

late 1960s, organic and biodynamic management regimes began to be applied in vineyards and have 

continued to grow in popularity. Many prestigious vineyards have already transformed the conventional 

management of pesticides to alternative approaches that reduce chemical use. In New Zealand, there 

were 111 certified organic vineyards (16.0 % of all vineyards) and 73 certified organic wineries (10.2 % 

of all wineries) reported in 2019 [2].  

 

With sustainable practices with a lower chemical footprint rising, there is an interest in identifying any 

grape and wine compositional differences arising from the use of different management approaches. 

Some studies have found that total soluble solid, acidity, and macronutrients do not differ in most grape 

juices and wines [80, 81, 83, 93, 368-372]. A study was published by Döring et al. in 2015 where there 

were no observed differences of amino acids and total soluble solids between organic and conventional 

treatment in German Riesling [57]. However, other studies have failed to reach an agreement on the 

differences in grape composition caused by the different cultivation strategies between organic and 

conventional managements [57, 81-88, 373]. Morozova et al. observed that herbicide application in 

vineyards significantly affected the concentration of amino acids and sugars in Italian Gewürztraminer 

[105].  

 

Similarly, while comparing conventional grape cultivation with organic cultivation, different conclusions 

have been reported regarding phenolic compounds. Light exposure influences the phenolic profile of 



103 
 

grapes and is closely associated with polyphenol syntheses [374]. Organic grape cultivation often leads 

to slower growth and lower density of the vine canopy and secondary shoots [67], which exposes 

grapevines to abundant sunlight; thus, potentially increasing anthocyanin as shown in proanthocyanidin 

concentrations in Pinot noir berries [375] and phenolic content as shown in Merlot grapes [374]. In 

grapes under organic cultivation, phenolic compound concentrations were reported to be increased in 

Italian (Grignolino [85]), Brazilian (Bordo [376, 377], Niagara [376], Bordeaux [378]), as well as 

Romanian (Napoca, Muscat Hamburg, Muscat Ottonel, Fetească regală, and Chasselas doré [379]) 

varieties, resulting in higher antioxidant activity [376]. On the contrary, organic cultivation can also lead 

to a decrease in grape yield. Lower yields may link to light interception and might be one factor that 

confers no significant change in polyphenol content [67], such as findings in Spanish Monastrell [380], 

Italian Pignoletto and Sangiovese [88], as well as Australian Cabernet Sauvignon [87] grapes. In other 

cases, the concentrations of phenolic compounds decreased in organic samples, including Turkish 

Merlot and Cabernet Sauvignon wines [381], as well as Italian Trebbiano and Sangiovese wines [92]. 

Nitrogen addition is usually decreased in organic vineyards, and the excess use of it in conventional 

vineyards can result in lower polyphenol concentrations in grapes [85, 382]. Varietal and regional 

differences can also contribute to these various outcomes [379, 383]. Therefore, more research needs 

to be done to further confirm if these observations are clearly correlated with the vineyard practices. 

 

The formation of various metabolites in grapes and their resulting wines are affected by multiple factors 

given that grape growing and winemaking conditions are complex. The evaluation of planting conditions 

often needs to be adapted to local conditions, and it is hard to draw a conclusion on their effects on 

grape juice and wine composition as various environmental factors need to be considered to do so. In 

2019, Döring et al. reviewed the effects of conventional, organic, and biodynamic grape cultivations on 

soil quality, biodiversity, vine growth and disease incidence, grape yield and composition, and wine 

quality and taste [67]. Under the organic planting model, soil nutrient cycling and biodiversity were 

significantly enhanced. This increase was due to the higher biological activity in the soil after using 

cover crops and compost instead of herbicides [67]. However, the impact of organic cultivation on the 

metabolite profiles of grape juice and wine has not been determined.  

 

This chapter aims to summarise the outcomes from vineyard trials performed on the Contemporary and 

Future viticulture regimes in New Zealand carried out in 2018, 2019, and 2021. Grape samples collected 

from different grape growing regions are analysed to determine the effect of the two vineyard 

management systems on overall grape juice composition, including amino acids, C6 compounds, and 

thiol precursors. The hypothesis is some of the metabolites show statistically different concentrations 

between the Contemporary and Future regimes. Significantly different factors and influential 

metabolites are generated, which has to date been reported very little in the literature. These outcomes 

will benefit the scientific community by providing an understanding of the impact viticulture regimes 

have on specific juice compositions. In addition, grape growers can be more confident in vineyard 

ecology management and controlling grape quality.  
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3.2. Materials and Methods 

3.2.1. Experimental juices 

 

Juice samples (WA17-10 VE Wines) were kindly provided by Plant and Food Research Ltd (PFR) for 

this project. Figure 18 depicts the vineyard study blocks for the VE Programme, and the vines in each 

study block were twelve to fifteen years old. Sixty-seven samples were sourced over three harvesting 

seasons (2018, 2019 and 2021) that employed either a Contemporary (n = 32) or Future (n = 35) 

viticulture regime, either in Marlborough (n = 35) or Hawke’s Bay (n = 32), and included the varieties 

Sauvignon blanc (n = 33), Pinot noir (n = 17), and Merlot (n = 17). After harvest, the oenological analysis 

was carried out by Plant and Food Research Ltd (PFR) using published methods [10]. All samples were 

stored at -20 °C until analysis.  

 

 

Figure 18: Diagram depicting vineyard study blocks for this study [384]. Cross symbols represent Sauvignon 

blanc; triangle symbols represent Pinot noir, and circle symbols represent Merlot. Black symbols denote blocks 

under the Future regime, and red symbols denote those under the Contemporary regime. Blocks located in the 

Hawke’s Bay region are in the yellow-bordered circle, and others located in the Marlborough region are in the 

purple-bordered circle. 

 

In order to ensure the continuity of data collection, the selected vineyards were required to ensure that 

the management systems of Future and Contemporary remained unchanged during the research 

phase. However, the annual sample collection work was slightly different over the vintages as follows 
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due to unforeseen and uncontrollable reasons, such as replanting or top-grafting a large number of 

grapevines caused by trunk diseases. The sample list and vineyard information are outlined in 
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Table 12 and consists of 24 experimental juices collected from the 2019 vintage and 22 experimental 

juices from the 2018 vintage. The difference between the numbers of experimental samples over the 

first two vintages can be explained by the absence of a Future Hawke’s Bay Sauvignon blanc block and 

a Future Marlborough Pinot noir block. Besides that, another change that should be noted in the 

experimental grape juices is that one of the vineyards for Future Sauvignon blanc from Hawke’s Bay 

changed from the BCC0869 block in 2018 to the BCJ4350 block in 2019, which was then kept the same 

in the following years. For the 2020 vintage, only 13 out of 24 juices were collected due to the nationwide 

COVID-19 lockdowns. Consequently, the 2020 samples were omitted from this study, and samples for 

the 2021 season and vintage were collected instead. For the 2021 juice samples, the number decreased 

further to 21 because of the absence of a Future Merlot block from Marlborough, and a Future and 

Contemporary Sauvignon blanc block from Hawke’s Bay.  
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Table 12: Summary of the grape juice samples analysed and the vineyard information 

No. Variety Region Vineyard Regime 2018 Vintage 2019 Vintage 2021 Vintage Rows/Vines 

1 Sb HB Contemporary BCC0867 BCJ4341 BCT2346 35/72 

2 Sb HB Contemporary BCC0875 BCJ4348 N/A 41/52 

3 Sb HB Contemporary BCC0876 BCJ4349 BCT2352 30/95 

4 Sb HB Future N/A BCJ4339 N/A 14/152 

5 Sb HB Future BCC0868 BCJ4342 BCT2347 34/42 

6 Sb HB Future BCC0869 BCJ4350 BCT2353 27/85 

7 Sb Mb Contemporary BCC0879 BCJ4352 BCT2355 31/120 

8 Sb Mb Contemporary BCC0886 BCJ4359 BCT2362 30/104 

9 Sb Mb Contemporary BCC0888 BCJ4361 BCT2364 24/120 

10 Sb Mb Future BCC0878 BCJ4351 BCT2354 22/63 

11 Sb Mb Future BCC0880 BCJ4353 BCT2356 46/96 

12 Sb Mb Future BCC0882 BCJ4355 BCT2358 26/100 

13 Pn Mb Contemporary BCC0885 BCJ4358 BCT2361 25/240 

14 Pn Mb Contemporary BCC0887 BCJ4360 BCT2363 20/132 

15 Pn Mb Contemporary BCC0889 BCJ4362 BCT2365 19/196 

16 Pn Mb Future N/A BCJ4354 BCT2357 16/196 

17 Pn Mb Future BCC0883 BCJ4356 BCT2359 32/104 

18 Pn Mb Future BCC0884 BCJ4357 BCT2360 30/80 

19 Ml HB Contemporary BCC0866 BCJ4340 BCT2345 31/72 

20 Ml HB Contemporary BCC0872 BCJ4345 BCT2350 13/210 

21 Ml HB Future BCC0870 BCJ4343 BCT2348 28/105 

22 Ml HB Future BCC0871 BCJ4344 BCT2349 27/112 

23 Ml HB Future BCC0873 BCJ4346 BCT2351 42/70 

24 Ml HB Future BCC0874 BCJ4347 N/A 40/56 

Sb: Sauvignon blanc; Pn: Pinot noir; Ml: Merlot; Mb: Marlborough; HB: Hawke’s Bay. 
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Table 12 (continued) 

No. Soil Type Pruning Level Canopy 

Management 

Weed Removal Grape 

Sampling 

1 Sandy loam 2-cane VSP Machine, hand Spraying Hand 

2 Sandy loam 4-cane VSP Machine Spraying Machine 

3 Sandy loam over 

gravels 

3-cane VSP Machine Spraying Machine 

4 Silt loam over 

gravels 

3-cane VSP Machine Mowing Machine 

5 Silt loam 4-cane VSP Machine Mowing Machine 

6 Silty clay loam Spur Machine Cultivation Hand 

7 Stony silt loam 4-cane VSP Machine Spraying Machine 

8 Sandy loam 4-cane VSP Machine Spraying Machine 

9 Stony silt loam 4-cane Scott 

Henry 

Machine Spraying Machine 

10 Sandy loam 2-cane VSP Machine Cultivation Machine 

11 Stony silt loam 4-cane VSP Machine Cultivation Machine 

12 Stony silt loam 4-cane VSP N/A Cultivation Hand 

13 Stony silt loam 2-cane VSP Hand Spraying Machine 

14 Jordan Spur Machine Spraying Machine 

15 Stony silt loam Spur Machine Spraying Machine 

16 Stony silt loam 2-cane VSP N/A Cultivation Hand, 

machine 

17 Silty clay loam Spur Machine Cultivation Machine 

18 Stony silt loam 2-cane VSP Sheep, hand Composting, Cultivation, 

Hand weeding 

Machine 

19 Sandy loam 4-cane VSP Machine, hand Spraying Hand 

20 Silt loam over 

red metal 

2-cane VSP Machine  Machine 

21 Stony silt loam Spur Hand Cultivation Hand 

22 Sandy loam over 

gravels 

Spur Machine, hand Cultivation Machine 

23 Sandy loam over 

gravels 

2-cane VSP Machine Cultivation Hand, 

machine 

24 Sandy loam Spur  Spraying Machine 
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Table 12 (continued) 

No. Floor Management Nutrition 

1 Natural sward Mycorrcin (4 L ha-1) 

2 Grass sward  

3 Natural sward  

4   

5 Mowing Booster V, Agri-Sea, Biomin Calcium 

6 Clover based crop (every 2nd row) N/A 

7 Mowing, Natural sward, Ryegrass (every 

2nd row) 

Agrichem Kelpak (1 L ha-1), Nitro Humus (10 L ha-1), 

BioSeaUnderstory (10 L ha-1), Agrichem Mag (2 L ha-1) 

8 Grass sward  

9 Grass sward Mila Complex (100 kg ha-1) 

10 Gras swards, Natural sward, Buckwheat, 

Phacelia, Wildflower (every 10th row) 

 

11 Natural sward (every 2nd row) EM (40 L), Organic Bio Marinus Liquid Fish Fertiliser 

(50 L) 

12 Natural sward, Buckwheat (every 10th 

row) 

Humic Acid, Compost Leachate 

13 Natural sward (except spring), Herb 

(every 2nd row) 

Superphosphate (100 kg ha-1) 

14 Grass sward  

15 Natural sward N/A 

16 Natural sward, Buckwheat (every 10th 

row) 

Humic Acid 

17 Natural sward, Buckwheat, Phacelia 

(every 10th row) 

 

18 Buckwheat, Phacelia, Allyssum mix 

(every 10th row) 

Wholesale Landscapes Compost (35 m3 ha-1), Biosea 

Fishmeal (150 kg ha-1) 

19 Natural sward Mycorrcin (4 L ha-1) 

20   

21 Mowing N/A 

22 Natural sward, Phacelia, Buckwheat, 

Wildflower mix (every 30 m) 

Moana Natural, Humic, Organic Mycorrcin 

23 Natural sward  

24 Grass sward  
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3.2.2. Reagents and chemicals 

 

Absolute ethanol of analytical reagent grade was sourced from ECP Ltd. (Auckland, New Zealand). 

Dichloromethane (DCM) for gas chromatography (GC) was supplied by SupraSolv®, Merck (Darmstadt, 

Germany). HPLC grade acetonitrile was bought from J.T. Baker, Switzerland. LC-MS-grade formic acid 

(FA) and ammonium formate (99 %) were obtained from Thermo Fisher, New Zealand. Anhydrous 

sodium sulfate was reagent grade with a purity of 98.5 % from Scharlau (Barcelona, Spain), as was the 

methanol (HPLC grade). Sigma-Aldrich (St Louis, MO) supplied L-(+)-tartaric acid, D-(+)-glucose, and 

D-(-)-fructose all at or above 99 % purity. Ultrapure water was purified using a Barnstead NANOpure® 

Diamond™ system (Thermo Fisher Scientific, Waltham, MA, USA) at 18.2 MΩ cm-1.  

 

Thiol precursor internal standards of d3-S-3-(hexan-1-ol)-L-cysteine (d3-Cys-3SH) and d3-S-3-(hexan-

1-ol)-L-glutathione (d3-Glut-3SH) were supplied by Buchem B.V (Apeldoorn, The Netherlands). Thiol 

precursors of Cys-3SH and Glut-3SH were previously synthesised according to a published method 

[164] and stored at -80 °C until analysis. All C6 standards were purchased from Sigma-Aldrich, New 

Zealand, and their internal standards were from CDN Isotopes, Canada, with purities of 99 % or higher. 

In addition, amino acid standards and deuterated internal standards were also purchased from Sigma-

Aldrich, New Zealand. These were stored at −20 °C freezer until the day of use, and the purity of each 

can be found in Table 13. 

 

Table 13: The purities of amino acid standards and internal standards 

Chemical Purity (%) Chemical Purity (%) 

L-Phenylalanine 98 L-Asparagine 98 

L-Tryptophan 98 L-Glutamic acid 99 

L-Leucine 98 L-Aspartic acid 98 

L-Isoleucine 98 L-Histidine monohydrochloride monohydrate 98 

L-Methionine 98 L-Arginine monohydrochloride 98 

L-Tyrosine 98 L-Lysine monohydrochloride 98 

L-Valine 98   

L-Cysteine hydrochloride 98 d3-L-Methionine 99 

L-Alanine 98 d3-L-Alanine 99 

L-Threonine 98 d2-Glycine 99 

Glycine 99 d3-Aspartic acid 98 

L-Glutamine 99 d8-L-Lysine- hydrochloride 98 

L-Serine 99   
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3.2.3. Amino acid analysis 

 

Sample preparation: Juice samples (1 mL) were prepared in technical duplicate. They were firstly 

centrifuged (1,789 g, 5 min), and the supernatant was filtered through a 0.2 µm Phenex RC membrane 

syringe filter (Phenomenex Inc., Macclesfield, UK). Then, the filtered sample was diluted 10-fold with 

ultrapure water for the quantification of most amino acids. For threonine and arginine analysis, a 100-

fold dilution with ultrapure water was required. Sample dilution was necessary to ensure the signal 

values were within the linear range of the calibration curve and to avoid overloading. To account for 

matrix effect and analytical error [349, 350], 25 µL of the internal standard mix was spiked into 1 mL of 

the diluted sample in a 1.5 mL Eppendorf tube. After vortexing for a minute, the whole sample was 

transferred into a 2 mL vial and ready to inject onto LC-MS/MS in a randomised order. 

 

Instrumentation: An LC-MS/MS analytical method was optimised, based on published methods [297, 

298], to determine the amino acid profiles of the juice samples. An Agilent 1290 Infinity liquid 

chromatograph (Santa Clara, CA, USA), equipped with a quaternary pump and coupled to an Agilent 

6460 triple quadrupole mass spectrometer system with an electrospray ion (ESI) source (Santa Clara, 

CA, USA), was used for amino acids separation and detection. Example chromatograms of amino acids 

analysed using this analytical technique can be found in Figure 48 in the Appendix.  

 

Chromatographic separation: Based on an application note by Huang et al. [298], samples (1 µL) 

were injected into an InfinityLab Poroshell 120 HILIC-Z column (2.1 x 100 mm, 2.7 µm) (Agilent 

Technologies, Santa Clara, CA, USA) operating at a temperature of 25 °C, and the amino acids 

separation was performed using two solvents: (a) solvent A, 0.2 M ammonium formate at pH 3/ultrapure 

water (v/v 10:90), and (b) solvent B, 0.2 M ammonium formate at pH 3/acetonitrile (v/v 10:90). The 

gradient for solvent B was at a flow rate of 0.5 mL min-1 for the 18-minute run as follows: 0 min 99 %, 

11 to 11.5 min 70 %, and 12 min 99 %. The column was equilibrated with 99 % solvent B for 6 minutes 

before injection. 

 

Mass spectrometry analysis: All mass spectrometric data were obtained in positive ion mode using 

an Agilent jet stream ESI probe (Santa Clara, CA, USA). Nitrogen (BOC, Auckland) was used as the 

desolvation gas at 13 L min-1 at 330 °C, the nebuliser was set at 35 psi, and the sheath gas temperature 

was 390 °C at 12 L min-1. The ESI capillary was set at 2,000 V, and the nozzle voltage was at 1,000 V. 

Tandem mass spectrometry was carried out using the dynamic multiple reaction monitoring (dMRM) 

mode. Other vital parameters in MS/MS differed for each amino acid as shown in Table 14. 
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Table 14: Mass spectral parameters for each amino acid analysed 

Compound RT 

(min) 

Precursor ion 

(m/z) 

Quantitative ion 

(m/z) 

Collision energy 

(eV) 

Qualitative ion 

(m/z) 

Collision energy 

(eV) 

Fragmentation Voltage 

(V) 

Phenylalanine 3.3 166.0 120.1 13 103.0 29 70 

Tryptophan 3.3 205.1 187.9 5 145.9 15 70 

Leucine 3.7 132.0 86.1 5 44.2 25 70 

Isoleucine 4.0 132.0 86.1 5 69.1 15 70 

Methionine 4.2 150.0 56.2 15 104.0 5 65 

d3-Methionine 4.3 152.9 56.1 15 106.9 5 65 

Tyrosine 4.6 182.0 91.1 25 164.9 5 75 

Valine 5.0 118.0 72.1 5 55.1 15 70 

Cysteine 5.4 121.9 59.0 25 76.0 13 45 

Alanine 5.7 90.0 44.2 9 45.3 40 70 

d3-Alanine 5.7 93.0 47.2 9 45.2 40 70 

Threonine 5.9 120.0 74.1 5 56.1 15 75 

Glycine 6.1 76.0 30.1 5 47.8 5 60 

d2-Glycine 6.1 78.0 32.2 5 50.2 15 75 

Glutamine 6.3 147.0 84.0 15 129.9 5 60 

Serine 6.3 106.0 60.1 5 42.2 24 60 

Asparagine 6.4 133.0 74.0 15 87.0 5 60 

Glutamic acid 6.7 148.0 84.0 15 129.9 5 70 

Aspartic acid 7.4 134.0 74.0 13 88.0 5 70 

d3-Aspartic 7.3 136.8 75.0 13 90.9 5 70 

Histidine 8.0 156.0 110.1 13 83.0 25 80 

Arginine 8.4 175.1 70.1 25 60.1 12 75 

Lysine 8.9 147.1 84.1 15 129.9 5 60 

d8-Lysine 8.9 154.9 92.1 15 137.9 5 60 

RT: retention time. Internal standards are shown in bold.  
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3.2.4. Thiol precursor analysis 

 

Sample preparation: Grape juice samples (1.5 mL) were prepared in technical duplicate. They were 

firstly centrifuged (1,789 g, 5 min) in 2 mL Eppendorf tubes. Then, the supernatant was removed using 

a 3 mL syringe with an attached needle from the centrifuged sample and was filtered into a new 2 mL 

Eppendorf tube after replacing the needle with a 0.2 µm Phenex RC membrane syringe filter 

(Phenomenex Inc., Macclesfield, UK). An aliquot (40 µL) of an aqueous solution containing both d3-

Cys-3SH and d3-Glut-3SH (final concentrations of 33 and 68 µg L-1, respectively) was added to 1.5 mL 

of the filtered grape juice in a sealed vial with a crimp cap. After vortexing for one minute, the samples 

were ready for LC-MS/MS analysis in a randomised order. 

 

LC-MS/MS conditions: Thiol precursors Glut-3SH and Cys-3SH were identified and quantified in the 

juice samples (Figure 49 in the Appendix), using a modification of a previously reported LC-MS/MS 

method [164]. An Agilent 6460 triple quadrupole MS system with an Agilent 1290 Infinity LC (Santa 

Clara, CA, USA) was used for this analysis. The ion source was Agilent Jet Stream ESI, with gas 

temperature of 250 °C, and gas flow rate of 9 L min-1. A Phenomenex Kinetex C18 column (100 mm × 

3 mm, 100 Å, 2.6 µm, Santa Clara, CA, USA) was used operating at 25 °C. The solvent system was 

0.1 % formic acid in ultrapure water (solvent A) and 100 % acetonitrile (solvent B) with a flow rate of 0.5 

mL min-1. The gradient for solvent B over the 22-minute run was as follows: 0 min 5 %, 6 min 5 %, 10 

min 15 %, 12 min 95 %, 15 min 95 %, and 17 min 0 %. A 10 µL injection volume was used for each 

sample. Detection was carried out in multiple reaction monitoring (MRM) mode with the mass 

spectrometer parameters described in Table 15. 
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Table 15: Mass spectral parameters for each thiol precursor analysed using LC-MS/MS 

Compound RT 

(min) 

Precursor ion  

(m/z) 

Quantitative ion  

(m/z) 

Collision energy 

(eV) 

Qualitative ion  

(m/z) 

Collision energy 

(eV) 

Fragmentation 

voltage (V) 

Cys-3SH 5.2 222 205 5 101 5 80 

83 10 

d3-Cys-3SH 5.3 225 208 5 104 5 80 

86 10 

Glut-3SH 10.5 408 279 8 333 15 110 

262 15 

d3-Glut-3SH 10.5 411 282 8 336 15 110 

265 15 

Dwell time = 50 msec for each transition; RT: retention time; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; Glut-3SH: S-3-(hexan-1-ol)-L-glutathione. 
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3.2.5. C6 compound analysis 

 

Compound extraction: C6 alcohols and aldehydes were analysed in technical duplicate using a 

method previously published by Makhotkina et al. [385], with some minor revisions. Briefly, juice 

samples were centrifuged (5,590 g, 10 min). Twenty-five millilitres of juice supernatant was diluted with 

25 mL ultrapure water. Then, to account for matrix effects and analytical error [349, 350], all samples 

were spiked with 25 µL of internal standard solution (984 µg L-1 of d11-hexyl alcohol and 267 µg L-1 of 

d12-hexanal in each sample), which was stirred (500 rpm, 5 min) with a magnetic stirrer. The sample 

was then loaded onto an SPE cartridge (Supelclean ENVI-18) attached to a Biotage VacMaster-10 

sample processing manifold, previously activated with methanol (10 mL), and washed with ultrapure 

water (10 mL) for juice samples. The cartridge was rinsed with ultrapure water (15 mL), and the analytes 

were then recovered by eluting in dichloromethane (7 mL). The organic phase was dried with anhydrous 

Na2SO4 and concentrated to about 0.1 mL under a gentle stream of nitrogen. 

 

GC-MS conditions: GC-MS analyses were carried out on an Agilent 6890N gas chromatograph 

equipped with a 7683B automatic liquid sampler, a G2614A autosampler, and a 5973 mass selective 

detector (Santa Clara, CA, USA) [385]. Samples were placed into a tray cooled to 9 °C for automated 

injection in a randomised order. The inlet temperature was held at 260 °C. One microliter of the sample 

was injected in pulsed splitless mode and delivered onto an Agilent HP-INNOWax capillary column (60 

m × 0.250 mm ID, 0.25 µm film, Santa Clara, CA, USA) using helium as carrier gas at a flow rate of 1.0 

mL min-1. The initial oven temperature (50 °C for 10 minutes) was ramped to 110 °C at a rate of 5 °C 

min-1 and held for 5 minutes. The second ramp raised the temperature to 250 °C at a rate of 50 °C min-

1 and held for 10 minutes. The temperature of the interface line was set to 250 °C. The ion source, 

operating in EI mode at 70 eV, was held at 230 °C. The quadrupole temperature was set at 150 °C. 

The C6 compounds and internal standards were detected in selected ion monitoring (SIM) mode, 

selecting the following ions for identification (Table 16). 
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Table 16: Ions used in the identification and quantification of the C6 compounds 

Compound Retention Time (min) Quantitative ion (m/z) Qualitative ion (m/z) 

d12-Hexanal 15.03 64 46, 80 

Hexanal 15.27 56 44, 57, 72 

trans-2-Hexenal 20.55 83 41, 69 

d11-Hexyl alcohol 24.74 64 62, 76 

Hexanol 25.16 56 43, 69 

trans-3-Hexenol 25.67 82 41, 67 

cis-3-Hexenol 26.65 67 41, 82 

trans-2-Hexenol 27.60 57 41, 82 

cis-2-Hexenol 28.07 82 57, 67 

 

3.2.6. Statistical analyses 

 

As seen with the sample source in Section 3.2.1, this data set contained juices from different grape 

varieties, vineyard management regimes, vintage years, and planting regions, so it was essential to 

conduct a nonparametric multivariate analysis. A permutational multivariate analysis of variance 

(PERMANOVA) [148] provides a robust analysis of multivariate data and is used to better illustrate the 

relationship between these external variables and the metabolite results [147]. Therefore, in this study, 

a PERMANOVA was conducted using R software with R-package [386] ‘vegan’ [149] to ascertain if the 

vineyard regime, or any of the other factors, influenced the chemical profiles of the juices. One thousand 

permutations were performed. 

 

In addition, MetaboAnalyst was used to assist analysis. MetaboAnalyst is a simple-to-use website-

based tool designed to analyse, interpret, and integrate comprehensive metabolomic data [146] ‒ 

mainly quantitative metabolomic data [150]. Student’s t-tests, correlation analysis, principal component 

analysis (PCA), partial least squares-discriminant analysis (PLS-DA), and heatmaps can be conducted 

on the platform. In order to better visualise the large dataset generated from this study, PLS-DA was 

used to construct scores plots. PLS-DA is a supervised classification method that uses the group label 

to maximise the separation between different groups [146]. Finally, the variable importance in projection 

(VIP) plot can further examine the patterns of concentration change for important and informative 

compounds identified in PLS-DA [146]. It is widely used in targeted metabolite studies for selecting 

important features from metabolomic data, and the results are usually easy to understand [146]. In order 

to make individual features more comparable, a cube root transformation procedure combined with a 
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Pareto scaling approach was applied to the oenological data set before the heatmap analysis. Also, a 

log transformation combined with a mean centring approach was applied to the metabolomics data set 

to make individual features more comparable before statistical analysis. All these metabolomic data 

were analysed using statistical methods and interpreted as follows. 

 

3.3. Results and Discussion 

3.3.1. Determination of oenological parameters in grape juices 

 

According to the factors of Variety, Year, Vineyard Regime, and Region, 67 juice samples were divided 

into 24 sample groups as shown in Table 17. The average values of basic oenological parameters in 

each sample group are summarised in Table 60 in the Appendix, from which a heatmap (Figure 19) 

was generated. 
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Table 17: Sixty-seven samples were grouped into 24 groups based on each variety, vintage, region, and vineyard 

regime 

Group No. Variety Vintage Year Region Vineyard Regime 

1 (n = 3) Sauvignon blanc 2018 Hawke’s Bay Contemporary 

2 (n = 2) Sauvignon blanc 2018 Hawke’s Bay Future 

3 (n = 3) Sauvignon blanc 2018 Marlborough Contemporary 

4 (n = 3) Sauvignon blanc 2018 Marlborough Future 

5 (n = 3) Sauvignon blanc 2019 Hawke’s Bay Contemporary 

6 (n = 3) Sauvignon blanc 2019 Hawke’s Bay Future 

7 (n = 3) Sauvignon blanc 2019 Marlborough Contemporary 

8 (n = 3) Sauvignon blanc 2019 Marlborough Future 

9 (n = 2) Sauvignon blanc 2021 Hawke’s Bay Contemporary 

10 (n = 2) Sauvignon blanc 2021 Hawke’s Bay Future 

11 (n = 3) Sauvignon blanc 2021 Marlborough Contemporary 

12 (n = 3) Sauvignon blanc 2021 Marlborough Future 

13 (n = 3) Pinot noir 2018 Marlborough Contemporary 

14 (n = 2) Pinot noir 2018 Marlborough Future 

15 (n = 3) Pinot noir 2019 Marlborough Contemporary 

16 (n = 3) Pinot noir 2019 Marlborough Future 

17 (n = 3) Pinot noir 2021 Marlborough Contemporary 

18 (n = 3) Pinot noir 2021 Marlborough Future 

19 (n = 2) Merlot 2018 Hawke’s Bay Contemporary 

20 (n = 4) Merlot 2018 Hawke’s Bay Future 

21 (n = 2) Merlot 2019 Hawke’s Bay Contemporary 

22 (n = 4) Merlot 2019 Hawke’s Bay Future 

23 (n = 2) Merlot 2021 Hawke’s Bay Contemporary 

24 (n = 3) Merlot 2021 Hawke’s Bay Future 
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Figure 19: Heatmap for the grouped oenological parameters of juice samples over three harvesting seasons (2018, 2019 and 2021). Each column represents the individual 

sample group, and each row shows each variable. Codes: Sum (G + F), the sum of glucose and fructose; OD, optical density; TP, total phenolic; TSS, total soluble solid; PAA, 

primary amino acids; YAN, yeast assimilable nitrogen; TA, titratable acidity.
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Mean values of total soluble solids (TSS) were very similar (around 21.5 ˚Brix) for the three varieties 

shown in Table 60 in the Appendix, although the red grape juices presented slightly higher values (22.6 

± 1.3 ˚Brix for Pinot noir, and 21.6 ± 1.2 ˚Brix for Merlot) than the Sauvignon blanc juices (20.4 ± 1.9 

˚Brix) overall. The relatively small standard deviation indicates there was relatively little variation in TSS 

values for juices within a single variety. Therefore, the grape juices collected for the targeted metabolite 

analysis had very similar sugar concentrations within variety, as well as among varieties. This would 

allow the comparisons of metabolite concentrations among varieties to possess a similar background 

with respect to maturity [257]. This result is similar to previous studies that found no differences in sugar 

concentration between Cabernet Sauvignon from different management systems in TSS in Australia 

[87]. Accordingly, a similar tendency was also seen in the optical density (OD) 420 and OD 620 values 

in the heatmap as they are closely clustered with TSS by the dendrogram, represented by yellow 

(mainly polymeric anthocyanins) and blue colouration, respectively [387]. No significant differences 

were observed for reducing sugars (glucose and fructose) when comparing viticulture regime as shown 

in Figure 19. This is supported by Morozova et al.’s finding in 2016 that glyphosate treatment did not 

affect the content of reducing sugars in Italian Gewürztraminer juice although it did affect yeast growth 

by depleting nitrogen in the must [105].  

 

Titratable acidity (TA) is a representative measure of the two most abundant organic acids (malic acid 

and tartaric acid). The typical range of TA is from 5–10 g L-1 during harvest [388]. The varietal 

differences of the TA values is shown in Figure 19. Among the three varieties, the average values of 

the TA were low in Merlot (from 3.8 to 4.9 g L-1), in the middle in Pinot noir (from 6.0 to 7.6 g L-1), and 

high in Sauvignon blanc (from 7.8 to 11.7 g L-1). The same varietal correlation can also be seen for total 

and free sulfur dioxide in the heatmap, which tightly clusters with TA. The total sulfur dioxide values 

were measured at 405 nm after an Ellman’s reaction and included sulfur dioxide, cysteine, glutathione, 

and other sulfhydryl-containing compounds [10].   

 

The pH was measured in the samples with pH ranging between 2.9 and 4.0. In general, pH increases 

as TA decreases [389]. The average pH range of the two red grapes (3.3–3.5) was higher than that of 

the Sauvignon blanc grapes (2.8–3.1). No significant differences in acidity were found between samples 

of the same variety originating from different management systems. This is consistent with findings 

reported by Penfold et al., who compared the pH of Australia Cabernet Sauvignon juices originated 

from organic viticulture with conventional viticulture [87]. It also can be seen from Figure 19 that pH 

clusters with OD 520, which is the measure of anthocyanin colouration in the red flavylium ion form and 

is highly influenced by pH [387]. 

 

YAN concentration is important for grape and wine quality as it is a measure of the amount of available 

nitrogen for yeast growth and metabolism [259], with an optimum of around 300 mg N L-1 [87]. Usually, 

if YAN is deficient (less than 140 mg N L-1), the wine fermentation process slows down or even ceases 

completely (namely ‘stuck’ fermentation), resulting in lower production of ethanol, esters and long chain 

volatile fatty acids, as well as a risk of undesirable thiols and higher alcohols [223]. Nitrogen source 
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(ammonium, primary amino acids (PAA), and yeast assimilable nitrogen (YAN)) has been reported to 

differ between grape varieties [257]. This varietal difference was supported by the current study and is 

shown in Figure 19 as the YAN levels were high in Pinot noir (219.7 ± 49.0 mg N L-1), moderate in 

Sauvignon blanc (165.9 ± 49.0 mg N L-1), and low in Merlot (102.5 ± 52.8 mg N L-1). 

 

The use of herbicides in a Contemporary vineyard intends to limit or eliminate the competition of water 

and particularly nutrients between weeds and grapevines [95, 104, 105]. This conceivably resulted in 

Contemporary vineyard samples having higher YAN levels than samples from Future management 

systems in Sauvignon blanc and Pinot noir as shown in Figure 20. Thus, the herbicide application could 

be associated with higher YAN levels for yeast metabolism during fermentation. Specific amino acids, 

influenced by the vineyard management regimes, are further discussed in the following sections. 

However, there was no consistent effect found in the Merlot samples. Similar varietal and viticultural 

effects on YAN were also shown in the ammonium and primary amino acid (PAA) values, which are 

YAN sources [10] and cluster together with YAN in the dendrogram in Figure 19. These inconsistent 

results have also been observed in other studies. In 2015, Penfold et al. reported that although organic 

and biodynamic practices decreased soil moisture and petiole nitrogen, no effect on YAN content in 

Australian Cabernet Sauvignon juice was found between them and conventional practice [87]. The 

opposite finding was reported by Morozova et al. in 2016 who found that the total amino acid content in 

Italian Gewürztraminer juice was decreased, which grapevines were treated with glyphosate [105].  
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Figure 20: Yeast assimilable nitrogen of samples groups over three harvesting seasons (2018, 2019, and 2021). Error bars represent standard deviations. Contemporary sample 

groups are shown by orange bars, while Future juice groups are depicted by purple bars. The varietal, seasonal, and regional information of each group is listed in Table 17. 
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Phenolic compounds are secondary metabolites mainly formed by the decarboxylation of coumaric acid 

and ferulic acid in grape berries and accumulated in grape stems, seeds, and skins [219]. Polyphenols 

are important to grape health and wine quality and are linked to beneficial health claims because of 

their antioxidant behaviour. The low nitrogen availability in organic vineyards could be a reason for the 

high phenolic content [85, 382], resulting in low density of vine canopy and secondary shoots [67]. 

Organic grapes had more light exposure [382] than conventional grapes, and the concentration of 

phenolics was related directly to leaf exposure to light and to interactions between light and temperature 

effects on bunches [374]. However, in Figure 21, Future juice groups did not show higher total phenolic 

levels compared to juices produced from Contemporary-grown grapes. 
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Figure 21: Total phenolic content of samples groups over three harvesting seasons (2018, 2019, and 2021). Error bars represent standard deviations. Contemporary sample 

groups are shown by orange bars, while Future juice groups are depicted by purple bars. The varietal, seasonal, and regional information of each group is listed in Table 17. 
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3.3.2. Varietal, seasonal, regional and viticultural differences in 

targeted metabolites of grape juices  

 

In this study, 27 metabolites, including 18 amino acids, two thiol precursors, and seven C6 compounds, 

were detected, identified and quantified in the juice samples collected over three harvesting seasons. 

The results of the exploratory PERMANOVA are shown in Table 18, which included all the metabolite 

data from all three varieties. All Merlot samples came from Hawke’s Bay, while all Pinot noir samples 

were from Marlborough. Hence, the factors variety and region should be considered together when data 

of the two red varieties are processed. As shown in Table 18, all the four factors (Variety, Year, Vineyard 

Regime, and Region) played a significant role in grape juice composition (p < 0.05). Both points 

regarding the grape variety and year were unsurprising as it is known that different grape varieties and 

vintages can result in juices with varying chemistry profiles [116, 390].  

 

Table 18: Summary of the permutational multivariate analysis of variance obtained from the normalised chemistry 

data of all the juice samples 

 Df F Model R2 p-value Significance codes 

Variety 2 74.578 0.29440 9.999e-05 *** 

Year 2 71.966 0.28409 9.999e-05 *** 

Vineyard Regime 1 12.732 0.02513 9.999e-05 *** 

Region 1 8.246 0.01628 9.999e-05 *** 

Variety: Vineyard Regime 2 3.682 0.01453 0.0004 *** 

Vineyard Regime: Region 1 3.791 0.00748 0.0046 ** 

Year: Vineyard Regime 2 1.499 0.00592 0.1341  

Residuals 122  0.35217   

Total 133  1.00000   

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘˖’ 0.1 ‘ ’ 1 
Df = Degrees of freedom, F Model = F Statistic from the Permutational Multivariate Analysis of Variance 
Model 

 

Grape variety accounts for approximately 29 % of the variation observed in the data set, as expected. 

For example, arginine is one of the most abundant amino acids in grape juice [391] and as shown in 

Figure 22 there are notable differences in its concentration between the varieties. The arginine median 

value of Pinot noir is the highest, followed by that of Sauvignon blanc and Merlot. The arginine content 

among the three grape varieties is in line with the findings of Huang and Ough who showed that varietal 

differences could be based on 18 amino acid concentrations, particularly dominated by arginine, in 
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American Sauvignon blanc, Pinot noir and Merlot grapes [257]. However, a different result was reported 

by Hernandez-Orte et al. where arginine concentration in Sauvignon blanc was higher than that in Pinot 

noir samples [116]. 

 

 
Figure 22: Boxplots showing the varietal difference of arginine levels over three harvesting years (2018, 2019, 

and 2021) 

 

The year in which the grape was grown contributed to around 28 % of the overall variation, indicating 

the concentrations of some metabolites were different among 2018, 2019 and 2021 vintage years. 

Among the metabolites, serine concentration is important in Sauvignon blanc juice as it is one of the 

most consumed organic nitrogen sources during Sauvignon blanc juice fermentation [392]. In the 

Sauvignon blanc data set, the concentration of serine increased from 2018 to 2021 (Figure 23). This 

seasonal difference has also been reported in American Sauvignon blanc between 1988 and 1989 

when changes in the fertilisation triggered a similar behaviour [257]. 
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Figure 23: Boxplots showing the seasonal differences on serine levels in the Sauvignon blanc juices 

 

As this study aimed to investigate the influence of the vineyard management regime on juice 

composition, it was essential to highlight that approximately 2.5 % of the variation within this data set 

was attributed to the different viticulture regimes. Although this was less than the role of the intrinsic 

factors, variety and year, this was valuable information as it represented an aspect of viticulture that the 

individual growers/wineries can control. Furthermore, the controllable factor of Vineyard Regime had a 

more critical influence on the targeted metabolites of the juices than another intrinsic factor ‒ Region 

(approximately 1.6 % of the variation). This finding was in accordance with previously published data 

of approximately 400 Sauvignon blanc juices from all grape-growing regions in New Zealand where the 

authors showed that seasonal difference in metabolite profiles is more prominent than regional 

difference [10]. Regional and viticultural differences were also observed in 79 Brazilian and European 

purple grape juices by Granato et al. in 2015 [371]. 

 

Two-way interactions were considered during the PERMANOVA. Two of the two-way interactions were 

flagged as significantly different, having p-values of less than 0.05. These were the interactions between 

variety and vineyard regime, as well as vineyard regime and region, contributing approximately 2.2 % 

of the variation in the current data set. The significance of these interactions reinforces the importance 

of this wide-spanning project, where data from multiple varieties and regions were considered reflecting 

the main article of interest ‒ vineyard management practices. Despite the fact that the two-way 

interaction between year and vineyard regime was not statistically significant (p = 0.13), it further 

accounted for approximately 0.59 % of the variation. 
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3.3.3. Herbicide application increases the concentrations of 

important metabolites in the juices 

 

According to the results of the PERMANOVA, the interwoven factors of Variety, Year, Vineyard Regime 

and Region were all significant and influenced the targeted metabolites in the juices. Thus, in order to 

further explore where the variation of the Vineyard Regime came from, the whole data set was divided 

into 12 data subsets from individual variety, region, and vintage year, respectively. These data subsets 

were only classified by the two vineyard practices. Also, important metabolites between them were 

teased out and are discussed in this section.  

 

PLS-DA scores plots were drawn to visually classify the juice data subsets into two vineyard 

management regime groups. The separation between the Contemporary (red ellipsoids) and the Future 

(green ellipsoids) regimes was clear in the PLS-DA score plots below (Figure 24 and Figure 25), and 

their cross validation results were summarised in Table 19. This separation related well to the 

PERMANOVA result and further elucidated that the significance of the Vineyard Regime factor was 

generated from all the individual juice data subsets. The identification of viticultural differences using 

mass spectrometry and PLS-DA was supported by Granato et al., which efficiently distinguished 79 

Brazilian and European purple grape juices between conventional and organic/biodynamic systems 

[371]. In addition, one noteworthy point is that the number of the Future Merlot samples was twice that 

of the Contemporary Merlot samples. These unequal numbers could be an essential factor to keep in 

mind when interpreting the data.     
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Figure 24: Score plots of PLS-DA containing the chemistry data from the individual Sauvignon blanc data subsets. Red and green ellipsoids represent the spread of inertia 

(display 95 % confidence regions) with regards to the vineyard management regimes of Contemporary and Future, respectively. The numbers 2018, 2019, and 2021 represent 

the vintage years.  
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Figure 25: Score plots of PLS-DA containing the chemistry data from the individual red variety data subsets. Red and green ellipsoids represent the spread of inertia (display 

95 % confidence regions) with regards to the vineyard management regimes of Contemporary and Future, respectively. The numbers 2018, 2019, and 2021 represent the vintage 

years. 
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Table 19: The cross validation results of PLS-DA of each data subset 

 2018 Vintage 2019 Vintage 2021 Vintage 

 R2 Q2 R2 Q2 R2 Q2 

Sauvignon blanc 

(Hawke’s Bay) 
0.99 0.98 0.99 0.94 0.99 0.99 

Sauvignon blanc 

(Marlborough) 
0.99 0.99 0.82 0.79 0.99 0.91 

Merlot 

(Hawke’s Bay) 
0.99 0.93 0.96 0.83 1.0 0.99 

Pinot noir 

(Marlborough) 
0.99 0.99 0.99 0.89 0.99 0.76 

R2: the sum of squares captured by the model; Q2: the cross-validated R2 

 

PLS-DA was further employed to explore the important features that drive the separation of the vineyard 

management regimes in the score plots. From Table 20 to Table 22, 105 important compounds (VIP 

score > 1.0 [393]) were listed by their VIP scores, and the colour gradients on the right indicates their 

concentration variations within different viticultural groups.  
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Table 20: The important compounds in Sauvignon blanc data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols represent the high or low 

concentrations of the identified compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 

(2018) 

VIP 

score 

C F Important compound 

(2019) 

VIP 

score 

C F Important compound 

(2021) 

VIP 

score 

C F 

Sauvignon blanc, 

Hawke’s Bay 

hexanal 2.71 X X tryptophan 2.37 X X Cys-3SH 2.73 X X 

tryptophan 2.07 X X hexanal 2.21 X X Glut-3SH 2.23 X X 

hexanol 2.04 X X Cys-3SH 1.89 X X hexanal 1.32 X X 

trans-3-hexen-1-ol 1.50 X X Glut-3SH 1.67 X X methionine 1.28 X X 

Cys-3SH 1.13 X X histidine 1.25 X X tyrosine 1.22 X X 

cis-2-hexen-1-ol 1.06 X X methionine 1.16 X X histidine 1.22 X X 

tyrosine 1.04 X X     tryptophan 1.08 X X 

trans-2-hexenal 1.01 X X     glutamine 1.01 X X 

        valine 1.00 X X 

Sauvignon blanc, 

Marlborough 

trans-2-hexenal 2.39 X X threonine 2.18 X X arginine 2.20 X X 

arginine 1.85 X X trans-2-hexenal 1.86 X X asparagine 2.04 X X 

Cys-3SH 1.65 X X tryptophan 1.77 X X threonine 1.83 X X 

hexanal 1.59 X X aspartic acid 1.71 X X aspartic acid 1.77 X X 

glutamine 1.42 X X glycine 1.52 X X glutamine 1.33 X X 

asparagine 1.41 X X alanine 1.42 X X glutamic acid 1.12 X X 

alanine 1.31 X X arginine 1.16 X X histidine 1.11 X X 

cis-2-hexen-1-ol 1.29 X X phenylalanine 1.15 X X alanine 1.10 X X 

    hexanol 1.08 X X     

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine 
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Table 21: The important compounds in Merlot data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols represent the high or low concentrations 

of the identified compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 

(2018) 

VIP 

score 

C F Important compound 

(2019) 

VIP 

score 

C F Important compound 

(2021) 

VIP 

score 

C F 

Merlot, 

Hawke’s Bay 

cis-3-hexen-1-ol 3.27 X X tryptophan 1.75 X X hexanal 2.97 X X 

trans-2-hexen-1-ol 3.04 X X isoleucine 1.75 X X cis-3-hexen-1-ol 1.58 X X 

isoleucine 1.25 X X trans-3-hexen-1-ol 1.62 X X Glut-3SH 1.54 X X 

cis-2-hexen-1-ol 1.13 X X cis-3-hexen-1-ol 1.54 X X arginine 1.49 X X 

    cis-2-hexen-1-ol 1.45 X X tryptophan 1.14 X X 

    arginine 1.31 X X trans-2-hexen-1-ol 1.13 X X 

    hexanal 1.30 X X isoleucine 1.06 X X 

    phenylalanine 1.27 X X     

    leucine 1.25 X X     

    trans-2-hexenal 1.13 X X     

    valine 1.03 X X     

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine 
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Table 22: The important compounds in Pinot noir data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols represent the high or low 

concentrations of the identified compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 

(2018) 

VIP 

score 

C F Important compound 

(2019) 

VIP 

score 

C F Important compound 

(2021) 

VIP 

score 

C F 

Pinot noir, 

Marlborough 

trans-2-hexen-1-ol 2.24 X X arginine 1.70 X X Glut-3SH 1.63 X X 

cis-3-hexen-1-ol 1.92 X X histidine 1.67 X X asparagine 1.46 X X 

arginine 1.42 X X glutamine 1.55 X X histidine 1.45 X X 

hexanal 1.40 X X isoleucine 1.50 X X hexanal 1.42 X X 

glutamine 1.24 X X leucine 1.44 X X tryptophan 1.41 X X 

asparagine 1.16 X X trans-2-hexenal 1.25 X X tyrosine 1.23 X X 

threonine 1.13 X X phenylalanine 1.24 X X methionine 1.21 X X 

cis-2-hexen-1-ol 1.09 X X valine 1.22 X X glutamine 1.20 X X 

    tryptophan 1.17 X X threonine 1.16 X X 

    threonine 1.17 X X lysine 1.14 X X 

    methionine 1.17 X X leucine 1.14 X X 

    cis-3-hexen-1-ol 1.07 X X Cys-3SH 1.13 X X 

    aspartic acid 1.01 X X glycine 1.10 X X 

        isoleucine 1.03 X X 

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine 
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The 105 important compounds, defined by presenting at significantly different concentrations between 

the Contemporary and Future regimes and identified by PLS-DA, were considered together and are 

summarised in Table 23. Most of the important compounds in the Contemporary samples had higher 

concentrations than those in the Future juices, accounting for 97 % in the Pinot noir juices, 80 % in the 

Marlborough Sauvignon blanc juices, and 100 % in the Hawke’s Bay Sauvignon blanc juices. Compared 

to the Future grapevines, the Contemporary grapevines grew without under-vine weeds and vegetation 

competition for water and nutrients [95, 104, 105]. Therefore, it could be hypothesised that the less 

water and nutrient availability of the Future grapevines was associated with the lower concentration 

metabolites in their juices. These higher concentration metabolites in the Contemporary juices, 

particularly amino acids as key nitrogen sources for grape growth [222], supported the previous findings 

that grapevine growth and grape yield are decreased in organic vineyards [67] compared to 

conventional ones. By contrast, Merlot had the lowest number of important metabolites, and only 68 % 

of their concentrations were high in the Contemporary juices, indicating Merlot presented with a more 

inconsistent viticultural influence in comparison to the other two varieties. The 32 % of important 

compounds that had lower concentrations in the Contemporary Merlot juices were all amino acids. A 

decrease in amino acids concentration in the juice might not only have implications on the success of 

alcoholic fermentation, but may also affect wine aroma and protein synthesis [394]. One reason for the 

lower concentrations of amino acids in the Merlot juices of the Contemporary regime might be the 

application of systemic fungicides [57]. Oliva et al. reported that the application of certain systemic 

fungicides significantly reduced total amino acid content as well as up to eleven out of sixteen analysed 

amino acids in Monastrell grapes [395]. Another factor, which was likely to have influenced the lower 

amino acid concentrations in the Merlot juices of the Contemporary regimes, was the lower nitrogen 

content in the soil [57, 67].  
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Table 23: The number of important compounds in each sample subset over three harvesting years (2018, 2019, and 2021) 

Sample subset Sauvignon blanc 

(Hawke’s Bay) 

Sauvignon blanc 

(Marlborough) 

Merlot 

(Hawke’s Bay) 

Pinot noir 

(Marlborough) 

Total 

Important compounds 23 25 22 35 105 

High concentration features 

in the Contemporary compounds 
23 (100 %) 20 (80 %) 15 (68 %) 34 (97 %) 92 (88 %) 

Important amino acids 11 19 10 26 66 

High concentration features 

in the Contemporary amino acids 
11 (100 %) 17 (89 %) 3 (3 %) 26 (100 %) 57 (86 %) 

Important C6 compounds 7 5 11 7 30 

High concentration features 

in the Contemporary C6 compounds 
7 (100 %) 3 (60 %) 11 (100 %) 6 (86 %) 27 (90 %) 

Important thiol precursors 5 1 1 2 9 

High concentration features 

in the Contemporary thiol precursors 
5 (100 %) 0 (0) 1 (100 %) 2 (100 %) 8 (89 %) 

 



105 
 

The concentrations of the most abundant amino acid arginine along with the next most abundant amino 

acids, glutamine and alanine [257], were significantly different between the vineyard regimes in the 

Marlborough Sauvignon blanc (Table 20) and red varieties (Table 21 and Table 22) data subsets, with 

higher concentrations in the Contemporary juices. These three amino acids are the main contributors 

to the YAN in grape juices [257] and are key compounds that help avoid a ‘stuck’ fermentation [223, 

224]. By contrast, although all the 23 important metabolites had higher concentrations in Hawke’s Bay 

Sauvignon blanc juices, the most abundant amino acid, arginine, was absent.  

 

Furthermore, amino acids are either direct or indirect aroma precursors. They are reported to form 

essential wine aroma substances through a series of biological and chemical transformations during 

fermentation, [225, 229, 233-237]. Hernández-Orte et al. showed that methionine (important feature in 

the Hawke’s Bay Sauvignon blanc and Pinot noir juices) and phenylalanine (important feature in the 

Marlborough Sauvignon blanc and red variety juices) are strongly related to the production of methionol 

and β-phenyl ethanol, respectively. The same authors also found a connection between threonine 

(important feature in the Marlborough Sauvignon blanc and Pinot noir juices) and some by-products of 

fatty acids [116]. Moreover, a previous study by Pinu et al. reported the contribution of glutamine 

(significantly different in the Sauvignon blanc and Pinot noir juices) to the development of varietal thiols 

in Sauvignon blanc [131]. The concentrations of these important amino acids were found to be high in 

the Contemporary juices, indicating the use of herbicides may have an indirect impact on the higher 

concentrations of related aroma compounds in the wines. 

 

Isoleucine is one of the branched chain amino acids. Although its concentration is lower than the other 

amino acids, it is important as it is a precursor to higher alcohols in wine [223]. In this study, isoleucine 

is an important feature in the red varieties but not in the Sauvignon blanc juices. Its concentration was 

higher in the Contemporary Pinot noir samples than in the Future ones. A similar result to the Merlot 

finding has also been observed in Italian Gewürztraminer juice by Morozova et al. [105]. However, 

opposite to the concentration trend in the Pinot noir samples, its concentration was lower in the 

Contemporary Merlot juices than in the Future ones. These opposite results supported the significant 

difference of the two-way interaction between variety and vineyard regime generated by PERMANOVA. 

Although it has been reported that isoleucine in Sauvignon blanc juice is associated with varietal thiols 

(3SH and 3SHA) production in wine [131], it was not an important feature to differentiate the vineyard 

practices in this data set. In addition, aspartic acid and glutamate have been reported to contribute to 

the umami flavours in wine [232]. These were found as important features in the Sauvignon blanc and 

Pinot noir samples in this study, with high concentrations in the Contemporary juice. 

 

Important amino acid conjugates, Cys-3SH and Glut-3SH, were mainly present in the Hawke’s Bay 

Sauvignon blanc over three harvesting years, with high concentrations in the Contemporary juices. 

They have been tentatively discovered and reported as varietal thiol precursors, although their 

conversion rates are low [131]. Pinu et al. found Glut-3SH content in Sauvignon blanc juice was 

associated with 3SH and 3SHA concentrations in wine, with a very low conversion of less than 0.06 % 
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[131]. However, the same authors reported that Cys-3SH in the same juice did not correlate with the 

thiols in the wine [131]. Thus, the Contemporary practice may have a small but positive impact on the 

concentrations of thiols in the Hawke’s Bay Sauvignon blanc wines. 

 

Most of the important C6 compounds had high concentrations in the Contemporary juices. They are 

formed by the rapid enzymatic oxidisation of fatty acids by grape lipoxygenases during crushing [5, 

396]. C6 compounds are important aroma substances in wine, mainly contributing to the green and cut 

grass notes [131] such that they are termed ‘leaf’ aldehydes and alcohols [5]. The note of hexanal is 

described as cut grass, herb and unripe fruit [397], which was an important feature with high 

concentrations in the Hawke’s Bay Sauvignon blanc juices over the three vintages. In addition, many 

studies have reported that trans-2-hexenol and trans-2-hexenal could be potential building blocks for 

the synthesis of volatile thiols [161, 220, 307, 316] and are quickly converted to n-hexanol after the 

onset of fermentation [316, 385, 398]. Interestingly, trans-2-hexenal and Cys-3SH were important 

features in the 2018 Sauvignon blanc juices. Their concentrations were found higher in the 

Contemporary juices from Hawke’s Bay but lower in the Contemporary juices from Marlborough.  

 

3.4. Conclusion 

 

This is the first time that wine science researchers and industry have established this kind of grape juice 

metabolite database, including three grape varieties from different geographical locations, seasonal 

years and grown under controlled viticulture regimes. From this large and informative data set, grape 

variety was the most crucial factor that influenced the chemical profile of juice samples. The year was 

the second most significant factor for juices. It was also observed that some small but significant 

differences in the targeted juice metabolites based on different vineyard management practices exist. 

Furthermore, region was the least influential factor after vineyard regime in the juice data set, and they 

contributed similar variance to this data set. All these factors closely correlate and influence the final 

juice composition. Lastly, important metabolites were determined from the juice metabolite data. To the 

best of my knowledge, the results presented in this study show for the first time that the majority of 

metabolites had higher concentrations when the juice was sourced from the vineyards using herbicides 

(the Contemporary regime) compared to those from the vineyards without using herbicides (the Future 

regime).  

 

It is important to note that this set of experiments demonstrates that all these factors were significant 

for juice metabolite profiles. Therefore, although the different vineyard regimes ‒ Contemporary or 

Future ‒ was not the dominant factor in the juice data analysis, this did not mean that it was not 

influential and detectable. On the contrary, this factor represents a controllable aspect for winegrowers, 

and it even has more impact on the targeted metabolites of the juices compared to the regional 

differences. In the following chapter, more targeted metabolite data in the spontaneously fermented 

wines is quantified to further explore the effect of herbicide application on the wine composition.  
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Chapter 4. Effect of Viticulture Regime on Wine Chemical 

Composition 

 

 

4.1. Introduction 

 

The aroma compounds in wine play a decisive role on wine quality and directly affect consumers' 

purchasing decisions; both winegrowers and winemakers pay close attention to these chemical 

components. The viticultural practices of vineyards are known to affect the expression of specific yeast 

genes involved in the metabolism of wine aroma chemicals and their precursors [399]. Xu et al. reported 

991 differentially expressed genes (DEGs) between organic and conventional regimes were found in 

spontaneous winemaking process, while 96 DEGs were found in inoculated fermentation [400]. They 

also reported a few S. cerevisiae pathways, such as central carbon metabolism, translation, transport 

and catabolism, and energy metabolism, had more up-regulated DEGs than down-regulated ones in 

organic and spontaneously fermented Chinese Cabernet Gernischet samples [400]. In comparison to 

conventional wine, organic wine is sometimes perceived to be healthier by consumers [401, 402]. With 

customers' growing preference for organic wine and environmentally friendly viticulture, wineries around 

the world are taking up this trend [87, 367].  

 

The question of whether organic viticulture affects the chemical composition of grape juice has not yet 

reached a consensus [89, 90]. Inconsistent findings have been reported with regard to the effect of 

planting methods on the resulting wine characteristics and taste [67, 81, 87, 91-93]. On the one hand, 

some research has indicated that wines derived from organic viticulture did not have any apparent 

differences when compared against wines produced following conventional viticultural approaches. 

Martin and Rasmussen showed that the sensory characteristics of American red wines (Pinot noir, 

Zinfandel, and Syrah) were similar between organic and conventional systems even though their 

polyphenol concentrations were different [403]. Other results have been reported that wines derived 

from different viticulture regimes have considerable flavour differences. Dupin et al. compared 91 

German white wines, including Riesling, Silvaner, and Pinot blanc, and found conventional wines were 

more aromatic (fruity and floral notes) and more vegetal (herbaceous, green beans, and beech notes) 

than organic wines [93]. Henick-Kling found that a sensory panel of 8 experienced wine tasters found 

organically grown Seyval more popular than conventionally grown Seyval, with the spicy and skunky 

odour more noticeable in the latter [81]. Similarly, organic wines were also studied by Beni and Rossi 

and reported more popular for Italian Sangiovese, where astringency was less intense compared with 

the conventional wine [92]. The same study found that, with respect to the organic Trebbiano wine, the 

taste of the conventional one was described as sour and unbalanced and was not well received [92]. 

 

Although previous research has reported the differentiation of wine sensory properties between 

vineyard practices, little information can be found regarding key influential flavour compounds behind 
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the wine taste. This chapter compares amino acids, thiol precursors, and the major aroma compounds, 

including thiols and esters, of three wine grape varieties from both the Future (mechanical by cultivation 

or mowing) and Contemporary (the use of synthetic herbicides) vineyard management regimes to 

explore the impact of different grape viticulture on wine chemistry and further provide a valuable 

reference in terms of important metabolites for the New Zealand wine industry. 

 

4.2. Materials and Methods 

4.2.1. Experimental wines 

 

As part of the more comprehensive VE programme, wine samples were kindly provided by PFR for this 

project over 2018, 2019 and 2021 vintages. The wine samples were spontaneously fermented from the 

same VE juice samples, which employed either a Contemporary or Future viticulture regime, either in 

Marlborough or Hawke’s Bay. They included the varieties of Sauvignon blanc, Pinot noir, and Merlot. 

The methods of spontaneous fermentation were different between the Sauvignon blanc and the red 

varieties, details of which are shown in the Appendix. Basic oenological analyses (e.g. °Brix, pH, and 

TA) were carried out by PFR using published methods [10]. Unfortunately, none of the year 2020 wine 

samples were available due to the COVID-19 lockdowns. 

 

4.2.2. Reagents and chemicals 

 

The sulfur compounds, 3-sulfanyl hexanol (3SH) and 3-sulfanylhexyl acetate (3SHA), were purchased 

from Acros Organics (Geel, Belgium) and Oxford Chemical (Hartlepool, UK), respectively. The internal 

standards d2-3SH and d2-3SHA were synthesised at the University of Auckland [404, 405]. 

Methoxypyrazine standards of 3-isobutyl-2-methoxypyrazine (IBMP), isopropyl methoxypyrazine 

(IPMP), and 2-sec-butyl-3-methoxypyrazine (SBMP) were supplied by Sigma-Aldrich (Castle Hill, NSW, 

Australia) with a purity ≥ 98.5 %. Both internal standards of 2-isopropyl-3-[2H3] methoxypyrazine (d3-

IPMP) and 2-isobutyl-3-[2H3] methoxypyrazine (d3-IBMP) were of 99 % purity (CDN Isotopes, Canada). 

For the analysis of 39 aroma compounds (listed in Table 61 in the Appendix), a mixture of ten deuterated 

internal standards (99 %) purchased from CDN Isotopes (Canada) was used, including 4,4,4-d3-ethyl 

butyrate, d11-ethyl hexanoate, d15-ethyl octanoate, d3-3-methylbutyl acetate, d3-n-hexyl acetate, d3-2-

phenylethyl acetate, d3-(±)-linalool, d3-α-terpineol, 3-methyl-1-butyl-1,1-d2-alcohol, n-hexyl-

2,2,3,3,4,4,5,5,6,6,6-d11-alcohol, 2-phenyl-d5-ethanol, d12-hexanal, and d11-hexanoic acid. Another 

mixture of standard solutions that included 4-decanol (98 %, Lancaster, Pelham, NH, USA), DL-3-

octanol (99 %, Acros Organics, Geel, Belgium), and 3,4-dimethylphenol (98 %, Aldrich, Milwaukee, WI, 

USA) was also used for the analysis of aroma compounds.  

 

Ethyl propiolate (ETP) and butylated hydroxyanisole (BHA) were purchased from Aldrich (Castle Hill, 

NSW, Australia). Sodium hydroxide (pellets, ≥99 %, reagent grade), anhydrous sodium sulfate (powder, 

98.5–100.5 %, extra pure), and methanol (HPLC grade) were obtained from Scharlau (Barcelona, 
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Spain). Hydrochloric acid (37 %, AR grade) and sodium chloride (reagent grade) were purchased from 

ECP, New Zealand. Dichloromethane for gas chromatography (SupraSolv®, Merck, Darmstadt, 

Germany) was used as a solvent. All solutions were prepared using ultrapure water (Barnstead 

NANOpure® Diamond™ water purification system, Thermo Scientific, USA) with a resistivity of 18.2 

MΩ cm-1 at 25 °C or absolute ethanol (≥99.5 %, Univar, Ajax Finechem, Auckland, New Zealand). Model 

white wine was prepared by dissolving 5 g L-1 of L-(+)-tartaric acid (≥99 %, Scharlau, Barcelona, Spain) 

in an ultrapure water/ethanol (88:12 v/v) solution and adjusted to pH 3.2, using NaOH (10 N and 1 N) 

and HCl (1 N). 

 

The C18-SPE cartridges were Supelclean™ ENVI-18 (6 mL cartridge volume, 1 g sorbent, Supelco, 

Castle Hill, NSW, Australia). The SPME device and the 2 cm DVB/CAR/PDMS fibre used in the study 

were purchased from Supelco (Bellefonte, Pennsylvania, USA). Argon (industrial grade), nitrogen (food-

grade), and helium (instrument grade) were sourced from BOC Gases New Zealand Ltd. (Auckland, 

New Zealand). 

 

4.2.3. LC-MS/MS analysis of free amino acids 

 

Sample preparation: Wine samples (1 mL) were prepared in technical duplicate. They were firstly 

centrifuged (1,789 g, 5 min), and the supernatant was filtered through a 0.2 µm Phenex RC membrane 

syringe filter (Phenomenex Inc., Macclesfield, UK). Filtered sample was diluted 10-fold with ultrapure 

water for quantification. Sample dilution was necessary to avoid overloading and to fit the signal values 

within the linear range of the calibration curve. To account for batch to batch matrix effect and year to 

year instrumental variation [10], 25 µL of the internal standard mix, including d3-methionine, d3-alanine, 

d2-glycine, d3-aspartic acid and d8-lysine, was spiked into 1 mL of the diluted sample in a 1.5 mL 

Eppendorf tube. After vortexing for a minute, the sample was transferred into a 2 mL vial for injection 

into the LC-MS/MS in a randomised order. 

 

Instrumentation: An LC-MS/MS analytical method has been optimised, based on published methods 

[297, 298], to determine the amino acid profiles of the juice samples. An Agilent 1290 Infinity liquid 

chromatograph (Santa Clara, CA, USA) equipped with a quaternary pump and coupled to an Agilent 

6460 triple quadrupole mass spectrometer system with an electrospray ion (ESI) source (Santa Clara, 

CA, USA), was used for amino acids separation and detection. Samples were injected onto an 

InfinityLab Poroshell 120 HILIC-Z column (2.1 x 100 mm, 2.7 µm) (Agilent Technologies, Santa Clara, 

CA, USA) operating at a temperature of 25 °C. Example chromatograms of amino acids analysed by 

this analytical technique can be found in Figure 48 in the Appendix.  

 

Chromatographic separation: According to the published method [298], sample aliquots of 1 µL were 

injected into the analytical column, and the amino acids separation was performed using two solvents: 

(a) solvent A, 0.2 M ammonium formate at pH 3/ultrapure water (10/90), and (b) solvent B, 0.2 M 

ammonium formate at pH 3/acetonitrile (10/90). The gradient for solvent B was a flow rate of 0.5 mL 
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min-1 for the 18 minutes run: 0 min 99 %, 11 to 11.5 min 70 %, and 12 min 99 %. The column was 

equilibrated with 99 % solvent B for six minutes before injection. 

 

Mass spectrometry analysis: All mass spectrometric data were obtained in positive ion mode using 

an Agilent jet stream ESI probe (Santa Clara, CA, USA). Nitrogen (BOC, Auckland) was used as the 

desolvation gas at 13 L min-1 at 330 °C, the nebuliser was set at 35 psi, and the sheath gas temperature 

was 390 °C at 12 L min-1. The ESI capillary was set at 2,000 V, and the nozzle voltage was at 1,000 V. 

Tandem mass spectrometry was carried out using dynamic multiple reaction monitoring (dMRM) mode. 

Other vital parameters in MS/MS were different for each amino acid as shown in Table 24.  

 



111 
 

Table 24: Mass spectral parameters for each amino acid analysed  

Compound RT 

(min) 

Precursor ion 

(m/z) 

Quantitation ion 

(m/z) 

Collision energy 

(eV) 

Qualitation ion 

(m/z) 

Collision energy 

(eV) 

Fragmentation Voltage 

(V) 

Phenylalanine 3.3 166.0 120.1 13 103.0 29 70 

Tryptophan 3.3 205.1 187.9 5 145.9 15 70 

Leucine 3.7 132.0 86.1 5 44.2 25 70 

Isoleucine 4.0 132.0 86.1 5 69.1 15 70 

Methionine 4.2 150.0 56.2 15 104.0 5 65 

d3-Methionine 4.3 152.9 56.1 15 106.9 5 65 

Tyrosine 4.6 182.0 91.1 25 164.9 5 75 

Valine 5.0 118.0 72.1 5 55.1 15 70 

Cysteine 5.4 121.9 59.0 25 76.0 13 45 

Alanine 5.7 90.0 44.2 9 45.3 40 70 

d3-Alanine 5.7 93.0 47.2 9 45.2 40 70 

Threonine 5.9 120.0 74.1 5 56.1 15 75 

Glycine 6.1 76.0 30.1 5 47.8 5 60 

d2-Glycine 6.1 78.0 32.2 5 50.2 15 75 

Glutamine 6.3 147.0 84.0 15 129.9 5 60 

Serine 6.3 106.0 60.1 5 42.2 24 60 

Asparagine 6.4 133.0 74.0 15 87.0 5 60 

Glutamic acid 6.7 148.0 84.0 15 129.9 5 70 

Aspartic acid 7.4 134.0 74.0 13 88.0 5 70 

d3-Aspartic acid 7.3 136.8 75.0 13 90.9 5 70 

Histidine 8.0 156.0 110.1 13 83.0 25 80 

Arginine 8.4 175.1 70.1 25 60.1 12 75 

Lysine 8.9 147.1 84.1 15 129.9 5 60 

d8-Lysine 8.9 154.9 92.1 15 137.9 5 60 

RT: retention time. Internal standards are shown in bold. 
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4.2.4. LC-MS/MS analysis of thiol precursors 

 

Sample preparation: Wine samples (1.5 mL) were prepared in technical duplicate. They were 

centrifuged (1.789 g, 5 min) in 2 mL Eppendorf tubes. Then, the supernatant was collected and filtered 

into a new 2 mL Eppendorf tube with a 0.2 µm Phenex RC membrane syringe filter (Phenomenex Inc., 

Macclesfield, UK). An aliquot (40 µL) of an aqueous solution containing both d3-Cys-3SH and d3-Glut-

3SH (final concentrations of 33 and 68 µg L-1, respectively) was added to 1.5 mL of the filtered wine in 

a sealed vial with a crimp cap. After vortexing for a minute, the samples were ready for LC-MS/MS 

analysis in a randomised order. 

 

Instrumental conditions: The thiol precursors of the juice and wine samples were identified and 

quantified in terms of Cys-3SH and Glut-3SH concentrations (Figure 49 in the Appendix), using a 

modification of a previously reported LC-MS/MS method [164]. An Agilent 6460 triple quadrupole MS 

system with an Agilent 1290 Infinity LC (Santa Clara, CA, USA) was used for this analysis. The ion 

source was Agilent Jet Stream (AJS) ESI; gas temperature, 250 °C; and gas flow rate, 9 L min-1. A 

Phenomenex Kinetex C18 column (100 mm × 3 mm, 100 Å, 2.6 µm, Santa Clara, CA, USA) was used, 

operating at 25 °C. The solvent system was 0.1 % formic acid in ultrapure water (solvent A) and 100 % 

acetonitrile (solvent B) with a flow rate of 0.5 mL min-1. The gradient for solvent B over the 22-minute 

run was as follows: 0 min 5 %, 6 min 5 %, 10 min 15 %, 12 min 95 %, 15 min 95 %, and 17 min 0 %. A 

10 µL injection volume was used for each sample. Detection was carried out in multiple reaction 

monitoring (MRM) mode with the mass spectrometer parameters described in Table 25. 
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Table 25: Mass spectral parameters for each thiol precursor analysed  

Compound RT 

(min) 

Precursor ion  

(m/z) 

Quantitation ion  

(m/z) 

Collision energy 

(eV) 

Qualitation ion  

(m/z) 

Collision energy 

(eV) 

Fragmentation 

voltage (V) 

Cys-3SH 5.2 222 205 5 101 5 80 

83 10 

d3-Cys-3SH 5.3 225 208 5 104 5 80 

86 10 

Glut-3SH 10.5 408 279 8 333 15 110 

262 15 

d3-Glut-3SH 10.5 411 282 8 336 15 110 

265 15 

Dwell time = 50 msec for each transition; RT: retention time; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; Glut-3SH: S-3-(hexan-1-ol)-L-glutathione. 
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4.2.5. C6 compound analysis 

 

Sample preparation: The C6 alcohols and aldehydes of the wine samples were analysed using a 

method previously published by Makhotkina et al. [385], with some minor revisions. Briefly, 25 mL of 

wine was prepared in technical duplicate after centrifugation (2,012 g, 10 min). All samples were spiked 

with 25 µL of internal standard solution (984 µg L-1 of d11-hexyl alcohol and 267 µg L-1 of d12-hexanal in 

each sample) and stirred (500 rpm, 5 min) on a magnetic stirrer. The sample was then loaded onto an 

SPE cartridge (Supelclean ENVI-18) attached to a Biotage VacMaster-10 sample processing manifold, 

previously activated with methanol (10 mL), and washed with 10 mL of 12 % ethanol. The cartridge was 

rinsed with ultrapure water (10 mL), and the analytes were eluted in 7 mL of dichloromethane. The 

organic phase was dried with anhydrous Na2SO4 and concentrated to about 0.1 mL under a gentle 

stream of nitrogen. 

 

GC-MS conditions: GC-MS analyses were carried out on an Agilent 6890N gas chromatograph 

equipped with a 7683B automatic liquid sampler, a G2614A autosampler, and a 5973 mass selective 

detector (Santa Clara, CA, USA). Samples were placed in a tray cooled to 9 °C for automated injection 

in a randomised order. The inlet temperature was held at 260 °C. One microliter of the sample was 

injected in pulsed splitless mode and delivered onto an Agilent HP-INNOWax capillary column (60 m × 

0.250 mm ID, 0.25 µm film, Santa Clara, CA, USA) using helium as carrier gas at a flow rate of 1.0 mL 

min-1. The initial oven temperature (50 °C for 10 minutes) was ramped to 110 °C at a rate of 5 °C min-1 

and held for 5 minutes. The second ramp raised the temperature to 250 °C at a rate of 50 °C min-1 and 

held for 10 minutes. The temperature of the interface line was set to 250 °C. The ion source was 

operated in EI mode at 70 eV and was held at 230 °C. The quadrupole temperature was set at 150 °C. 

The C6 compounds and internal standards were detected in selected ion monitoring (SIM) mode, 

selecting the following ions for identification (Table 26). 
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Table 26: Ions used in the identification and quantification of the C6 compounds 

Compound Retention Time (min) Quantitation ion (m/z) Qualitation ion (m/z) 

d12-Hexanal 15.03 64 46, 80 

Hexanal 15.27 56 44, 57, 72 

trans-2-Hexenal 20.55 83 41, 69 

d11-Hexyl alcohol 24.74 64 62, 76 

Hexanol 25.16 56 43, 69 

trans-3-Hexenol 25.67 82 41, 67 

cis-3-Hexenol 26.65 67 41, 82 

trans-2-Hexenol 27.60 57 41, 82 

cis-2-Hexenol 28.07 82 57, 67 

 

4.2.6. Volatile thiol analysis 

 

Sample preparation: Volatile thiols,3SH and 3SHA, were analysed in technical duplicate using an 

established and validated method [171]. To 50 mL of wine, containing 2 nmol butylated hydroxyanisole 

(BHA), 0.3 nmol d2-3SHA and 2 nmol d2-3SH (used as internal standards), 0.5 mL of 250 mM ethanolic 

ethyl propiolate (ETP) solution was added and stirred (500 rpm, 2 min). After pH adjustment to 10.00 ± 

0.05, the mixture was stirred (500 rpm, 10 min), followed by centrifugation (2,012 g, 10 min) of the 

sample in 50 mL Falcon tubes to remove the precipitate formed during the pH modification. The sample 

was then loaded onto an SPE cartridge (Supelclean ENVI-18)) attached to a Biotage VacMaster-10 

sample processing manifold, previously activated with methanol (10 mL) and washed with 12 % ethanol 

(10 mL). Next, the cartridge was rinsed with ultrapure water (5 mL), and the analytes recovered by 

eluting in 10 mL of dichloromethane. The organic phase was dried over anhydrous Na2SO4 and 

concentrated to approximately 25 µL under a gentle stream of nitrogen. 

 

GC-MS conditions: GC-MS analysis was carried out on an Agilent 6890N gas chromatograph (Santa 

Clara, CA, USA) equipped with a 7683B automatic liquid sampler, a G2614A autosampler, and a 5973 

mass selective detector. Samples were placed into a tray cooled to 9 °C for automated injection in a 

randomised order. The inlet temperature was held at 250 °C. Two microliters of the sample were 

injected in pulsed splitless mode and delivered onto an Agilent HP-INNOWax capillary column (60 m × 

0.250 mm ID, 0.25 µm film, Santa Clara, CA, USA) using helium as carrier gas at a flow rate of 1.2 mL 

min-1. The initial oven temperature (150 °C for 2 minutes) was ramped to 250 °C at a rate of 10 °C min-

1 and held for 20 minutes. The temperature of the interface line was set to 250 °C. The ion source, 
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operating in electron impact (EI) mode at 70 eV, was held at 230 °C. The quadrupole temperature was 

set at 150 °C. The varietal thiols and internal standards were detected in selected ion monitoring (SIM) 

mode selecting the following ions for identification (Table 27). 

 

Table 27: Ions adopted in the identification and quantification of the varietal thiols using ethyl propiolate as 

derivatising agent 

Compound Retention time (min) Quantitation ion (m/z) Qualitation ion (m/z) 

d2-3SHA-ETP 19.85 276 231 

3SHA-ETP 19.88 274 229 

d2-3SH-ETP 24.25 234 189 

3SH-ETP 24.34 232 187 

3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate; ETP: ethyl propiolate. 

 

4.2.7. Alkyl-methoxypyrazine analysis 

 

HS-SPME sampling: Wine samples were analysed in technical duplicate according to a method 

developed by Parr et al. [406] and adapted in our lab. The final procedure was as follows: After 

centrifugation (2,012 g, 10 min), 1.6 mL of wine was diluted with 6.4 mL of ultrapure water (Barnstead 

NANOpure® Diamond™ at 18.2 MΩ cm-1) into a 20 mL amber headspace screw vial containing 3 g of 

NaCl (ECP, New Zealand). Next, 50 μL of internal standard mix (54.8 ng L-1 of  d3-IPMP (CDN Isotopes, 

Canada) and 56.0 ng L-1 of d3-IBMP (CDN Isotopes, Canada)) was added to the amber vial. After adding 

2 mL of 4 M NaOH (Scharlau, Germany), the vial was purged with argon (BOC, New Zealand) and 

tightly sealed with a screw cap (Agilent).  

 

The SPME extraction was performed at 40 °C for 40 minutes after a five-minute incubation (40 °C) with 

agitation (500 g). Each fibre was conditioned prior to use by baking in the GC injector at 250 °C and 

was immediately used to prevent contamination. After extraction, the analytes were desorbed into the 

GC-MS injector at 250 °C in splitless mode for 10 minutes. 

 

GC-MS conditions: The samples were analysed in a randomised order using a GC-MS consisting of 

an Agilent 7890A GC system and mass selective detector model 5975C inert XL (Santa Clara, CA, 

USA). A tandem column composed of a HP-1ms (30 m, 0.320 mm ID, 0.25 µm film) (Agilent, Santa 

Clara, CA, USA) and HP-INNOWax (30 m, 0.320 mm ID, 0.25 µm film) (Agilent, Santa Clara, CA, USA) 

was used. The helium carrier flow was 1.8 mL min-1. The oven temperature was as follows: initial oven 

temperature of 60 °C was held for 5 minutes, then ramped to 170 °C at a rate of 4 min-1, raised to 240 

°C at 50 °C min-1 and held for 5 minutes, giving a total run time of 38.9 minutes. The interface line was 

set to 250 ˚C, and the ion source was held at 230 ˚C, functioning in electron impact mode at 70 eV. The 
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quadrupole temperature was set at 150 ̊ C, and selective ion monitoring (SIM) mode was used to detect 

the ions for identification of the methoxypyrazines and internal standards present in the samples (Table 

28). 

 

Table 28: Ions adopted in the identification and quantification of the methoxypyrazine compounds 

Compound RT 

(min) 

Quantitation ion 

(m/z) 

Qualitation ion 

(m/z) 

2-Isopropyl-3-[2H3] methoxypyrazine 16.1 140 127, 155 

Isopropyl methoxypyrazine 16.2 137 124, 152 

2-sec-Butyl-3-methoxypyrazine 18.9 124 138, 151 

2-Isobutyl-3-[2H3] methoxypyrazine 19.4 127 154, 169 

3-Isobutyl-2-methoxypyrazine 19.4 124 151, 166 

RT: retention time 

 

4.2.8. Analysis of other aroma compounds 

 

HS-SPME sampling: Wine samples were analysed in technical duplicate according to a method 

developed by Pinu et al. [131] and adapted in our lab. For the headspace sampling, after centrifugation 

(2,012 g, 10 min), experimental wines (10 mL) of each variety were transferred into 20 mL amber 

headspace vials (Agilent) containing 3 g of NaCl (ECP, New Zealand). Thirty microlitres of an internal 

standard mix comprising 13 deuterated compounds (CDN Isotopes, Canada) and an additional 50 μL 

of another standard mix solution including three unlabelled compounds (CDN Isotopes, Canada) were 

also spiked into the vial (shown in Table 29). Then, the vial was purged with argon gas (BOC, New 

Zealand), tightly sealed with a screw cap (Agilent), and analysed in a randomised order within 24 hours.  
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Table 29: Ions used for identification of other aroma compounds 

Compound RT 

(min) 

Quantitation 

ion (m/z) 

Qualitation 

ion (m/z) 

Internal standard RT 

(min) 

Quantitation 

ion (m/z) 

Qualitation 

ion (m/z) 

Ethyl isobutyrate 9.38 71 88, 116 d3-4,4,4-Ethyl butyrate 11.53 74 89 

Ethyl butanoate 11.64 88 71, 101 d3-4,4,4-Ethyl butyrate 11.53 74 89 

Ethyl 2-methyl butanoate 13.97 102 57, 85 d3-4,4,4-Ethyl butyrate 11.53 74 89 

Ethyl isovalerate 14.32 88 85, 115 d3-4,4,4-Ethyl butyrate 11.53 74 89 

Ethyl hexanoate 24.65 88 99, 101 d11-Ethyl hexanoate 24.04 91 110 

Ethyl octanoate 39.11 101 88, 127 d15-Ethyl octanoate 38.24 105 91 

Ethyl decanoate 52.32 88 101, 155 d15-Ethyl octanoate 38.24 105 91 

Ethyl acetate 5.80 61 43, 88 d15-Ethyl octanoate 38.24 105 91 

Isobutyl acetate 10.39 56 43, 73 d3-3-Methylbutyl acetate 16.10 90 46 

Isoamyl acetate 16.28 87 55, 70 d3-3-Methylbutyl acetate 16.10 90 46 

Hexyl acetate 26.10 61 56, 84 d3-n-Hexyl acetate 25.90 46 56, 84 

cis-3-Hexenyl acetate 26.63 67 43, 82 d3-n-Hexyl acetate 25.90 46 56, 84 

Ethyl phenylacetate 49.00 91 164 d3-2-Phenylethyl acetate 50.10 46 91 

β-Phenylethyl acetate 50.28 43 91, 104 d3-2-Phenylethyl acetate 50.10 46 91 

(±)-cis/trans-Rose oxide 32.9/34.0 139 69, 83 d3-Linalool 37.23 74 96, 124 

Linalool 37.30 93 71, 121 d3-Linalool 37.23 74 96, 124 

α-Terpineol 44.89 59 93, 121 d3-α-Terpineol 44.77 139 62, 124 

β-Citronellol 47.96 69 41, 82, 123 d3-α-Terpineol 44.77 139 62, 124 

Nerol (cis-Geraniol) 49.61 69 41, 93, 121 d3-Linalool 37.23 74 96, 124 

Geraniol (trans-Geraniol) 50.83 69 41, 93, 123 d3-Linalool 37.23 74 96, 124 

RT: retention time 
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Table 29 (continued) 

Compound RT 

(min) 

Quantitation 

ion (m/z) 

Qualitation 

ion (m/z) 

Internal standard RT 

(min) 

Quantitation 

ion (m/z) 

Qualitation 

ion (m/z) 

β-Damascenone 54.41 121 69, 190 d3-Linalool 37.23 74 96, 124 

α-Ionone 56.78 177 178, 192 d3-Linalool 37.23 74 96, 124 

β-Ionone 60.75 177 178, 192 d3-Linalool 37.23 74 96, 124 

Isobutyric acid 39.14 43 73, 88 D/L-3-Octanol 28.60 101 59,83 

Isovaleric acid 39.82 60 87 D/L-3-Octanol 28.60 101 59,83 

Hexanoic acid 49.61 60 73, 87 D/L-3-Octanol 28.60 101 59,83 

Octanoic acid 60.56 60 73, 101 D/L-3-Octanol 28.60 101 59,83 

Decanoic acid 70.89 60 73, 129 4-Decanol 41.78 97 73, 115 

Ethyl (di) hydrocinnamate 54.91 104 91, 107 3,4-Dimethylphenol 66.52 107 122 

Ethyl (trans) cinnamate 65.11 131 103, 176 3,4-Dimethylphenol 66.52 107 122 

4-Ethylguaiacol 58.85 137 152 3,4-Dimethylphenol 65.0 107 122 

4-Ethylphenol 64.57 107 77, 122 3,4-Dimethylphenol 65.0 107 122 

Isobutanol 9.61 41 43, 74 D/L-3-Octanol 28.60 101 59,83 

1-Butanol 11.63 56 31, 41 D/L-3-Octanol 28.60 101 59,83 

Isoamyl alcohol 15.00 70 42, 55 D/L-3-Octanol 28.60 101 59,83 

Methionol 42.15 106 58, 61 D/L-3-Octanol 28.60 101 59,83 

Benzyl alcohol 50.26 107 79, 108 D/L-3-Octanol 28.60 101 59,83 

Phenylethyl alcohol 52.23 91 92, 122 D/L-3-Octanol 28.60 101 59,83 

Benzaldehyde 32.04 106 77, 105 D/L-3-Octanol 28.60 101 59,83 

RT: retention time 



120 
 

Each sample was incubated (45 °C, 10 min) with agitation (500 g) before extraction. A 2 cm 

DVB/CAR/PDMS fibre (Supelco, Bellefonte, Pennsylvania, USA) was used for SPME. After pre-baking 

at 250 °C for 5 minutes, the SPME fibre was exposed to the sample headspace for 60 minutes at 45 °C. 

An equilibrium was reached during this exposure period, and the quantity of analyte extracted by the 

fibre was proportional to its concentration in the sample. Subsequently, the analytes were thermally 

desorbed (250 °C, 10 min) in the injection port of the GC-MS. The measurements were performed in 

technical duplicate. 

 

GC-MS conditions: GC-MS analysis was performed using an Agilent 7890A GC system coupled to a 

mass selective detector model 5975C inert XL (Santa Clara, CA, USA). The injection port was set to 

250 °C. The split injection was used at a ratio of 3.5:1. The separation was achieved using a tandem 

column composed of an HP-1ms (30 m, 0.320 mm ID, 0.25 µm film, Agilent, Santa Clara, CA, USA) 

and HP-INNOWax (30 m, 0.320 mm ID, 0.25 µm film, Agilent, Santa Clara, CA, USA). The carrier gas 

(helium) was set to 1 mL min-1. The column temperature program was as follows: initial oven 

temperature of 40 °C was held for 5 minutes, then ramped to 200 °C at a rate of 2 °C min-1, raised to 

240 °C at 80 °C min-1 and held for 5 minutes, giving a total run time of 90.5 minutes. The transfer line 

temperature was set to 250 °C and the ion source was set to 230 °C. EI mode (70 eV) was used, and 

the aroma compounds and internal standards were detected in SIM. 

 

4.2.9. Statistical analysis 

 

Before statistical analysis, all the missing values were considered to have resulted from values lower 

than the detection limit and were replaced by a very small value, which was one-fifth of the minimum 

positive values of each compound [146]. Alternatively, the whole compound values were removed when 

more than 50 % of them were missing [146]. Then, data normalisation, including a log transformation 

combined with a mean centring approach, was applied to the wine data set. Subsequently, all these 

collected data were analysed using statistical methods and interpreted in the following section.  

 

A permutational multivariate analysis of variance (PERMANOVA) was conducted, using the statistical 

software R [407], to ascertain if the vineyard regime, or any of the other factors, influenced the chemical 

profiles of the wines. The factors were Variety (Sauvignon blanc, Pinot noir, and Merlot), Year (2018, 

2019 and 2021), Region (Hawke’s Ba and Marlborough) and Vineyard Regime (Contemporary and 

Future), and interactions between them were assessed at the same time. Furthermore, partial least 

square-discriminant analysis (PLS-DA) was carried out using MetaboAnalyst 5.0 to assess whether 

viticulture regimes differ in basic oenological parameters and metabolite profiling in wines and whether 

the influential compounds are consistent across all varieties, [408].   
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4.3. Results and Discussion 

4.3.1. Post-fermentation oenological parameters 

 

Once the grape juices had been fermented, basic oenological analysis was carried out on the 

experimental wines by Plant and Food Research Ltd (PFR) using published methods [10]. All raw data 

regarding basic oenological parameters were classified into 24 data groups (summarised in Table 30) 

according to their varieties, vintage years, vineyard regimes, and regions. Data normalisation was 

applied to the data set to reduce systematic bias and make each feature more consistent and 

comparable [146]. These grouped data were used to produce a heatmap in Figure 26 to visualise the 

values.  
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Table 30: Summary of the oenological parameters of wine samples after spontaneous fermentation 

Group No. Variety Vintage Year Region Vineyard Regime Ethanol 
(% v/v) 

pH TA 
(g L-1) 

Total SO2 
(mg L-1) 

Free SO2 
(mg L-1) 

1 (n = 3) Sauvignon blanc 2018 HB Contemporary 10.56 ± 1.35 3.0 ± 0.0 7.48 ± 0.65 57.31 ± 5.58 13.21 ± 0.74 

2 (n = 2) Sauvignon blanc 2018 HB Future 10.53 ± 0.14 2.9 ± 0.0 9.91 ± 0.57 52.72 ± 8.66 13.70 ± 1.18 

3 (n = 3) Sauvignon blanc 2018 Mb Contemporary 11.71 ± 0.84 3.1 ± 0.0 7.89 ± 0.49 53.34 ± 6.54 19.91 ± 2.53 

4 (n = 3) Sauvignon blanc 2018 Mb Future 13.69 ± 0.56 3.1 ± 0.1 7.83 ± 0.97 64.21 ± 11.62 20.84 ± 3.32 

5 (n = 3) Sauvignon blanc 2019 HB Contemporary 11.53 ± 1.19 3.0 ± 0.1 9.24 ± 1.32 64.39 ± 10.74 24.06 ± 3.30 

6 (n = 3) Sauvignon blanc 2019 HB Future 12.34 ± 0.17 2.9 ± 0.0 9.67 ± 0.66 70.83 ± 11.43 25.35 ± 4.36 

7 (n = 3) Sauvignon blanc 2019 Mb Contemporary 12.62 ± 1.02 3.0 ± 0.0 8.75 ± 0.72 60.42 ± 14.08 18.50 ± 3.31 

8 (n = 3) Sauvignon blanc 2019 Mb Future 13.78 ± 0.56 2.9 ± 0.0 8.46 ± 0.56 45.54 ± 10.31 5.79 ± 8.69 

9 (n = 2) Sauvignon blanc 2021 HB Contemporary 13.61 ± 1.35 2.9 ± 0.1 9.24 ± 1.21 54.00 ± 25.46 17.50 ± 6.36 

10 (n = 2) Sauvignon blanc 2021 HB Future 12.05 ± 0.09 2.7 ± 0.0 10.52 ± 0.01 40.00 ± 4.24 15.50 ± 2.12 

11 (n = 3) Sauvignon blanc 2021 Mb Contemporary 13.39 ± 0.39 2.9 ± 0.0 9.87 ± 0.57 57.67 ± 10.12 23.67 ± 8.08 

12 (n = 3) Sauvignon blanc 2021 Mb Future 13.43 ± 0.63 2.9 ± 0.0 9.93 ± 0.31 57.33 ± 6.66 19.33 ± 5.69 

13 (n = 3) Pinot noir 2018 Mb Contemporary 12.31 ± 1.22 3.7 ± 0.1 6.73 ± 1.01 35.15 ± 6.93 18.52 ± 3.10 

14 (n = 2) Pinot noir 2018 Mb Future 12.75 ± 0.40 3.7 ± 0.0 6.68 ± 0.02 32.32 ± 6.73 13.51 ± 0.06 

15 (n = 3) Pinot noir 2019 Mb Contemporary 12.35 ± 0.27 3.6 ± 0.1 6.74 ± 0.64 25.50 ± 7.69 15.29 ± 6.36 

16 (n = 3) Pinot noir 2019 Mb Future 13.63 ± 1.11 3.6 ± 0.1 6.65 ± 0.79 30.72 ± 9.55 15.87 ± 4.04 

17 (n = 3) Pinot noir 2021 Mb Contemporary 14.87 ± 0.49 3.6 ± 0.2 6.89 ± 1.07 31.67 ± 2.08 19.00 ± 2.65 

18 (n = 3) Pinot noir 2021 Mb Future 13.69 ± 0.82 3.6 ± 0.1 7.41 ± 0.90 25.67 ± 6.43 13.67 ± 3.06 

19 (n = 2) Merlot 2018 HB Contemporary 11.99 ± 1.63 3.4 ± 0.0 6.70 ± 0.24 27.65 ± 3.49 13.22 ± 6.35 

20 (n = 4) Merlot 2018 HB Future 12.48 ± 0.68 3.5 ± 0.0 6.51 ± 0.32 34.88 ± 6.07 15.12 ± 10.33 

21 (n = 2) Merlot 2019 HB Contemporary 12.78 ± 1.29 3.5 ± 0.1 6.78 ± 0.33 24.65 ± 0.00 12.06 ± 1.56 

22 (n = 4) Merlot 2019 HB Future 13.37 ± 0.56 3.5 ± 0.0 6.93 ± 0.14 22.09 ± 4.42 15.20 ± 2.40 

23 (n = 2) Merlot 2021 HB Contemporary 13.37 ± 0.57 3.3 ± 0.0 7.27 ± 0.50 24.00 ± 2.83 14.00 ± 1.41 

24 (n = 3) Merlot 2021 HB Future 13.35 ± 0.74 3.4 ± 0.0 6.90 ± 0.33 20.00 ± 10.15 8.33 ± 6.66 

TA: titratable acidity; HB: Hawke’s Bay; Mb: Marlborough 
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Table 30 (continued) 

Group No. Glucose 
(g L-1) 

Fructose 
(g L-1) 

Sum (G+F) 
(g L-1) 

OD 280 
(AU) 

OD 320 
(AU) 

OD 420 
(AU) 

OD 520 
(AU) 

OD 620 
(AU) 

TP 
(mg GAE L-1) 

1 (n = 3) 0.07 ± 0.01 3.36 ± 3.06 3.43 ± 3.06 6.32 ± 0.61 5.15 ± 1.01 0.089 ± 0.005 0.041 ± 0.006 0.030 ± 0.004 195.05 ± 19.17 

2 (n = 2) 0.06 ± 0.04 0.30 ± 0.42 0.36 ± 0.46 5.49 ± 0.00 4.49 ± 0.12 0.091 ± 0.013 0.040 ± 0.007 0.029 ± 0.005 169.30 ± 0.11 

3 (n = 3) 0.03 ± 0.02 0.24 ± 0.16 0.27 ± 0.15 4.82 ± 0.30 3.55 ± 0.39 0.074 ± 0.002 0.029 ± 0.001 0.021 ± 0.001 149.33 ± 13.67 

4 (n = 3) 0.01 ± 0.01 1.17 ± 0.83 1.18 ± 0.84 6.02 ± 0.33 4.87 ± 0.52 0.109 ± 0.031 0.058 ± 0.042 0.048 ± 0.044 192.78 ± 10.57 

5 (n = 3) 0.08 ± 0.05 0.00 ± 0.01 0.08 ± 0.06 5.66 ± 0.27 4.06 ± 0.05 0.081 ± 0.015 0.037 ± 0.011 0.028 ± 0.008 190.27 ± 16.47 

6 (n = 3) 0.02 ± 0.01 0.46 ± 0.43 0.48 ± 0.42 6.35 ± 0.75 5.18 ± 0.75 0.108 ± 0.024 0.052 ± 0.016 0.037 ± 0.011 216.86 ± 28.56 

7 (n = 3) 0.19 ± 0.22 3.00 ± 2.90 3.18 ± 3.12 6.33 ± 0.39 4.85 ± 0.43 0.147 ± 0.070 0.073 ± 0.032 0.046 ± 0.023 227.92 ± 12.65 

8 (n = 3) 0.01 ± 0.01 2.79 ± 0.97 2.81 ± 0.96 7.00 ± 0.66 5.54 ± 0.86 0.128 ± 0.018 0.056 ± 0.010 0.037 ± 0.006 230.28 ± 19.12 

9 (n = 2) 0.13 ± 0.02 2.72 ± 0.09 2.84 ± 0.11 6.94 ± 0.09 5.93 ± 0.40 0.156 ± 0.021 0.081 ± 0.029 0.061 ± 0.029 213.47 ± 7.29 

10 (n = 2) 0.09 ± 0.01 0.76 ± 0.98 0.84 ± 0.99 5.98 ± 0.60 5.30 ± 0.39 0.135 ± 0.042 0.068 ± 0.025 0.049 ± 0.020 183.44 ± 21.61 

11 (n = 3) 0.08 ± 0.03 1.15 ± 1.13 1.23 ± 1.16 6.33 ± 0.65 5.39 ± 0.33 0.164 ± 0.024 0.091 ± 0.015 0.067 ± 0.011 196.61 ± 21.23 

12 (n = 3) 0.10 ± 0.07 5.41 ± 5.38 5.52 ± 5.44 6.92 ± 1.33 5.73 ± 1.57 0.196 ± 0.071 0.109 ± 0.060 0.085 ± 0.053 209.41 ± 33.07 

13 (n = 3) 0.13 ± 0.07 0.04 ± 0.03 0.17 ± 0.10 42.39 ± 7.75 18.39 ± 3.44 2.101 ± 0.355 2.399 ± 0.439 0.716 ± 0.093 1331.84 ± 281.49 

14 (n = 2) 0.24 ± 0.05 0.04 ± 0.03 0.29 ± 0.08 47.75 ± 5.79 21.52 ± 1.67 2.503 ± 0.144 3.268 ± 0.285 0.770 ± 0.072 1504.37 ± 234.80 

15 (n = 3) 0.06 ± 0.04 0.01 ± 0.02 0.07 ± 0.06 59.36 ± 8.94 28.36 ± 5.58 4.811 ± 0.889 7.928 ± 1.429 1.589 ± 0.399 2134.64 ± 354.92 

16 (n = 3) 0.10 ± 0.02 0.09 ± 0.10 0.19 ± 0.12 70.08 ± 7.18 32.80 ± 1.91 4.784 ± 0.691 8.274 ± 0.199 1.606 ± 0.375 2539.15 ± 318.21 

17 (n = 3) 0.31 ± 0.24 0.29 ± 0.21 0.61 ± 0.44 56.29 ± 3.18 26.34 ± 1.75 4.504 ± 0.639 7.340 ± 0.926 1.347 ± 0.217 1876.72 ± 113.11 

18 (n = 3) 0.26 ± 0.26 0.25 ± 0.18 0.51 ± 0.44 59.73 ± 7.45 27.19 ± 3.21 4.311 ± 1.256 6.579 ± 1.646 1.261 ± 0.372 2006.75 ± 272.43 

19 (n = 2) 0.06 ± 0.08 0.03 ± 0.05 0.09 ± 0.13 51.10 ± 10.22 25.74 ± 5.84 5.615 ± 1.478 8.208 ± 0.086 1.772 ± 0.556 1637.36 ± 289.65 

20 (n = 4) 0.09 ± 0.05 0.03 ± 0.06 0.13 ± 0.11 57.46 ± 9.25 29.70 ± 5.44 5.893 ± 1.252 8.330 ± 0.787 1.945 ± 0.433 1893.13 ± 345.24 

21 (n = 2) 0.06 ± 0.08 0.13 ± 0.18 0.19 ± 0.27 58.76 ± 12.54 31.10 ± 6.72 6.741 ± 1.662 7.889 ± 0.634 2.286 ± 0.689 2185.33 ± 566.56 

22 (n = 4) 0.11 ± 0.11 0.19 ± 0.17 0.30 ± 0.29 68.55 ± 12.01 36.59 ± 7.55 7.027 ± 0.553 7.755 ± 0.323 2.482 ± 0.280 2654.43 ± 581.91 

23 (n = 2) 0.11 ± 0.02 0.15 ± 0.11 0.25 ± 0.08 63.88 ± 14.83 34.44 ± 8.10 7.310 ± 0.882 7.625 ± 0.057 2.549 ± 0.771 2167.79 ± 558.15 

24 (n = 3) 0.08 ± 0.05 0.05 ± 0.07 0.14 ± 0.09 60.26 ± 4.78 30.03 ± 2.27 6.649 ± 0.576 7.674 ± 0.216 1.989 ± 0.312 2024.68 ± 177.81 

Sum = Glucose + Fructose; OD: optical density; TP: total phenolic. 
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Figure 26: The heatmap visualisation for the grouped oenological parameters of VE wine samples. Each column 

represents the individual sample group, and each row shows each variable. 

 

In Figure 26, it is clear that the main two branches of the dendrogram completely separate Sauvignon 

blanc wines from the two red wines. This separation suggests that grape variety is an important factor 

for discriminating the wine samples as was seen for the grape juices before fermentation (Section 

3.3.1.). However, the red wines of Merlot and Pinot noir cannot be grouped further by the sub-branches 

of the dendrogram. Parameters of pH, optical density (OD) 280/320/420/520/620, and total phenolics 

(TP) were distinctive between white and red wine samples. 

 

Glucose and fructose are the main sugars in grape juice, along with a small amount of other sugars, 

such as other pentoses [409]. During wine fermentation, sugars in grapes are converted by yeasts to 

ethanol and carbon dioxide [5], and the ferments lose around 50 % sugar mass as carbon dioxide 

emission [409]. Therefore, the sugar content is a crucial quality parameter in the wine industry, as this 

value not only represents the amount of sugar that is available to the yeast for conversion into ethanol 

and carbon dioxide in grape juice but also indicates the completion of wine fermentation [409]. It can 

be judged that ferments are dry when the reducing sugar content is less than 4 g L-1 [10, 409]. As shown 

in Table 30, the reducing sugar content of the No. 12 sample group was 5.5 g L-1, which was the 2021 

Marlborough Sauvignon blanc wines from the Future regime. This was the only wine group got stuck 

during the fermentation, predominately affected by grape juice sugar concentration and wild-type yeast 

strains [5]. 

 

The pH has an impact on the appearance, microbiological, and chemical stability of a wine [410]. A 

clear trend is noticeable in Table 30. The lowest pH range of 2.8–3.2 belonged to the Sauvignon blanc 



125 
 

wines, with 3.3–3.5 for the Merlot wines, and the highest pH (3.6–3.8) for the Pinot noir wines. In 

general, the optimal pH value is approximately 3.0–3.4 for white wines and 3.3–3.6 for red wines [411]. 

Lower pH may make wines tart and crisp, while higher pH leaves the wine susceptible to bacterial 

growth. As pH increases, titratable acidity (TA) usually decreases [389]. In general, TA ranges from 4.0 

to 8.0 g L-1 expressed in tartaric acid equivalents [412].  As for the experimental samples, there was 

slightly higher TA in the Sauvignon blanc wines (7.48–10.52 g L-1) compared to the values in the red 

wines (6.51–7.41 g L-1). However, no trends were observed between the Merlot and the Pinot noir wines 

in terms of TA. 

 

Five colour properties and total phenolic content (TP) of experimental wines were determined by 

spectrophotometric measurements. Each wine property analysed by specific absorbance is shown in 

Table 31. These six property values were dramatically lower in the Sauvignon blanc wines than in the 

red wines. These differences are obviously expected given red grapes have red coloured anthocyanins 

in their skins, while white grapes do not [5]. During the spontaneous fermentation, the red juices were 

fermented on their skins, which extracted more phenolics into the finished wines. However, the 

Sauvignon blanc juices were not fermented with the skins. Additionally, phenolic components are 

bioactive compounds present in wine, which play a role in wine taste as well as colour [413]. The lowest 

average TP of the red wines (1331.84 mg GAE L-1) was five times higher than the highest average TP 

of the Sauvignon blanc wines (230.28 mg GAE L-1). Furthermore, another important trend to notice is 

that the range of TP in the 2019 vintage (190.27–230.28 mg GAE L-1) was higher than that in 2018 

(149.33–192.78 mg GAE L-1), suggesting that vintage year was also influential for some wine 

parameters. However, it is hard to pinpoint differences coming from vineyard regimes and regions at 

this stage. 
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Table 31: Wine properties measured at each absorbance [414] 

Absorbance (nm)  Wine property  Comment 

280  Total polyphenols content   

320  Hydroxycinnamoyl tartaric acids content  Major non-flavonoid components in white wines and juices 

420  The amount of yellow/brown colour  The presence of tannins and anthocyanins in the form of chalcone 

520  The amount of red/pink colour  The presence of anthocyanins in the form of flavylium cation 

620  The amount of the colour blue  The fraction of anthocyanins present in the form of an anhydrous basis 
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4.3.2. Varietal, seasonal, regional and viticultural differences in 

targeted metabolites of wine 

 

With regards to the metabolites in the VE wine samples, a total of 72 compounds were analysed, 

including 19 amino acids (approximately 26.4 %), two thiol precursors (approximately 2.8 %), and 51 

aroma compounds (approximately 70.8 %). The majority could be quantified in these wine samples. 

However, 3SHA could not be detected in the red varieties. Cysteine and geraniol were also not detected 

in the 2019 and 2021 samples, respectively. As this data set contained wines from different grape 

varieties, vineyard management regimes, vintage years, and planting regions, it was essential to 

conduct a multivariate statistical analysis. A  PERMANOVA was conducted to ascertain the factors 

influenced the chemical profiles of the finished wines. The results of this exploratory PERMANOVA are 

shown in Table 32. It is clear that all the four factors, i.e., Year, Variety, Region and Vineyard Regime 

of the wine samples, impacted the targeted metabolites in the wines, as all their corresponding p-values 

were less than 0.05. 

 

Table 32: Summary of the PERMANOVA obtained from the normalised metabolite data of all the wine samples 

 Df F Model R2 p-value Significance codes 

Year 2 365.31 0.55540 9.999e-05 *** 

Variety 2 160.64 0.24423 9.999e-05 *** 

Region 1 5.84 0.00444 0.00030 *** 

Vineyard Regime 1 5.50 0.00418 0.00030 *** 

Variety: Vineyard Regime 2 4.64 0.00706 0.00030 *** 

Region: Vineyard Regime 1 3.89 0.00296 0.00460 ** 

Year: Vineyard Regime 2 1.84 0.00280 0.06509 ˖ 

Residuals 122  0.17893   

Total 133  1.00000   

Df = Degrees of freedom, F Model = F Statistic from the Permutational Multivariate Analysis of Variance 
Model. Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘˖’ 0.1 ‘ ’ 1 

 

The vintage year accounted for more than half of the variation observed in the wine data set, although 

it only accounted for ~28 % in the juice samples before fermentation. The intrinsic factor of Year was 

identified as the primary source of variation in this data set, suggesting that the targeted wine 

metabolites were dramatically changed from one vintage to another [10]. Higher alcohols commonly 

account for approximately 50 % of the aroma constituents of wine [5]. Among them, isobutanol and 

isoamylalcohol are important branched-chain higher alcohols that have a strong pungent odour [5]. The 
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boxplots in Figure 27 shows that the median values of isobutanol and isoamylalcohol were lower in the 

2018 vintage, as compared to both 2019 and 2021 vintages. In order to keep the collected data 

comparable during the study, the research vineyards kept their viticulture regimes consistent, and the 

spontaneous fermentation conditions were unchanged from year to year. Therefore, the wine metabolite 

divergence seen among the vintages may be driven by climate change [10], resulting in the seasonal 

variation of wine sensory properties between vineyard practices [87]. 

 

     

Figure 27: Boxplots showing the seasonal differences on the levels of isobutanol and isoamylalcohol, respectively, 

in the experimental wines 

 

Variety, which was the top factor for the juice samples, played the second most influential role in this 

wine data set, accounting for ~24 % variation for the wine samples. The winemaking method is another 

important way to manipulate wine properties [415, 416]. Each variety underwent the same spontaneous 

fermentation in this study, so the variability of metabolite profiling caused by the fermentation was 

accounted for within each variety together.  

 

This regional nuance can be attributed to the fact that microbes in grape juices and finished wines vary 

dramatically in different regions and have an impact on fermentation as well as the aroma, taste, and 

quality of the finished wines [74]. The Region variability in the experimental wines (approximately 0.44 

%) was not as strong as that in the grape juices (approximately 1.6 %) before spontaneous 

fermentation. Morrison-Whittle and Goddard observed that the regional variability of the microbial 

community in Sauvignon blanc juice was stronger than that in the finished wine [74], and that this could 

be due to the wild microbial populations being displaced by Saccharomyces during the winemaking 

process [417]. While the results showed that the Region factor influenced the targeted metabolites of 

the wines [418], the fact that regional factor had much less impact than the seasonal factor has been 

reported in the New Zealand Sauvignon blanc wines by Pinu et al. [10]. 
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Moreover, the region where the grapes were grown played a slightly more influential role in the targeted 

wine metabolites than the controllable factor of Vineyard Regime, accounting for ~0.44 % and ~0.42 % 

of the variation, respectively. This result was in accordance with previous findings by Dupin et al. in 

German Riesling wines that the regional differences played a stronger role in wine taste than viticultural 

differences between ecological and conventional practices [93].  

 

In addition, two-way interactions of wine samples were considered in the PERMANOVA. At this point, 

two of the two-way interactions (Variety and Vineyard Regime, as well as Region and Vineyard Regime) 

played a role in the targeted wine metabolites and in total accounted for approximately 1.0 % of the 

variation in the data set. Although the Year and Vineyard Regime interaction was not a statistically 

significant factor (p-value > 0.05), it accounted for approximately 0.28 % of the variation in the current 

data set. These two-interactions highlighted the importance of these intrinsic factors (Variety, Region, 

and Year) when the Vineyard Regime factor was statistically analysed. 

 

Overall, the data suggest that variation in wine targeted metabolites came from vineyard location and 

management approaches to some extent, but the vintage and variety variations dominated. Vineyard 

Regime played a minor but influential role in the metabolites of the wine samples, accounting for 

approximately 0.42 % of the variation. When the impact of viticulture regimes on the targeted 

metabolites in the wines was analysed, the influence from intrinsic factors was essential to be 

considered 

 

4.3.3. Differentiation between viticulture regimes 

 

According to the results of PERMANOVA in Section 4.3.2, the interwoven factors of Year, Variety, 

Region, and Vineyard Regime influence the targeted metabolites of the wines. To further explore where 

the variation of the Vineyard Regime factor came from, the whole data set was divided into 12 data 

subsets from individual variety, region, and vintage year, respectively. These data subsets were 

classified by the two vineyard practices. Each variety was spontaneous fermented using the same 

conditions. Thus, the winemaking effects were not different within each data subset [10].  

 

PLS-DA is a supervised statistical method to classify data using the group label [146] and select 

features by variable importance in projection (VIP) scores [154]. It was used to highlight the distribution 

and classification of samples within the targeted wine metabolites. Score plots were drawn to display 

the differences in the vineyard regime groups in the wine data subsets, and their cross validation results 

were summarised in Table 33. In Figure 28 and Figure 29, the separation between red and green 

ellipsoids, representing 95 % of the spread of inertia for both the Contemporary and the Future regimes, 

respectively, was shown in the PLS-DA score plots. These clear separations demonstrated the Vineyard 

Regime factor was detectable in the individual wine data subset. Important metabolites between the 

viticulture regimes were teased out and discussed in the following section. 
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Table 33: The cross validation results of PLS-DA of each data subset 

 2018 Vintage 2019 Vintage 2021 Vintage 

 R2 Q2 R2 Q2 R2 Q2 

Sauvignon blanc 

(Hawke’s Bay) 
0.99 0.98 0.99 0.97 1.0 0.94 

Sauvignon blanc 

(Marlborough) 
0.99 0.93 0.98 0.87 0.99 0.99 

Merlot 

(Hawke’s Bay) 
0.99 0.97 0.99 0.93 0.99 0.97 

Pinot noir 

(Marlborough) 
0.99 0.97 0.99 0.95 0.99 0.84 

R2: the sum of squares captured by the model; Q2: the cross-validated R2 

 



131 
 

 

Figure 28: Score plots of PLS-DA containing the chemical data from the individual Sauvignon blanc data subsets. Red and green ellipsoids represent the spread of inertia 

(display 95 % confidence regions) regarding the vineyard management regimes of Contemporary and Future, respectively. The numbers 2018, 2019, and 2021 represent the 

vintage years.  
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Figure 29: Score plots of PLS-DA containing the chemical data from the individual red variety data subsets. Red and green ellipsoids represent the spread of inertia (display 

95 % confidence regions) regarding the vineyard management regimes of Contemporary and Future, respectively. The numbers 2018, 2019, and 2021 represent the vintage 

years. 
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4.3.4. Herbicide application influences the concentrations of 

important metabolites identified by PLS-DA in the wines 

 

PLS-DA was employed to investigate potential drivers of the differences between the Contemporary 

and Future wines in a supervised manner. The variable importance in projection (VIP) plot can further 

elucidate the patterns of concentration change for important and informative compounds identified in 

PLS-DA [146]. Two hundred and twenty-one important compounds (VIP score > 1.0 [393]) were 

identified and listed by their VIP scores in Table 34 to Table 37, belonging to the Hawke’s Bay 

Sauvignon blanc (47), Marlborough Sauvignon blanc (52), Pinot noir (52), and Merlot (70) data subsets, 

respectively. The colour gradients on the right indicates the comparison of concentration variations 

within different vineyard regime groups.   
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Table 34: The important compounds in Sauvignon blanc (Hawke’s Bay) data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols (red > blue) 

represent the high or low concentrations of the important compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 
(2018) 

VIP 
score 

C F Important compound 
(2019) 

VIP 
score 

C F Important compound 
(2021) 

VIP 
score 

C F 

Sauvignon blanc, 
Hawke’s Bay 

3SHA 4.34 X X IPMP 2.58 X X Decanoic acid 4.87 X X 

Decanoic acid 2.86 X X 4-Ethylphenol 2.19 X X Nerol 2.71 X X 

Hexyl acetate 2.07 X X Geraniol 2.10 X X Glut-3SH 2.06 X X 

cis-3-Hexenyl acetate 1.90 X X Ethyl acetate 2.04 X X cis-3-Hexenyl acetate 1.80 X X 

Linalool 1.81 X X 3SH 2.00 X X Octanoic acid 1.79 X X 

Isobutyric acid 1.47 X X α-Ionone 1.96 X X 3SH 1.44 X X 

cis-2-Hexen-1-ol 1.44 X X trans-3-Hexen-1-ol 1.95 X X LEU 1.44 X X 

Benzyl alcohol 1.41 X X SBMP 1.77 X X Linalool 1.41 X X 

β-Phenylethyl acetate 1.41 X X TRP 1.76 X X ILE 1.38 X X 

ILE 1.40 X X 3SHA 1.64 X X PHE 1.07 X X 

β-Damascenone 1.32 X X trans-2-Hexenal 1.55 X X Hexyl acetate 1.06 X X 

Benzaldehyde 1.27 X X Ethyl decanoate 1.48 X X cis-3-Hexen-1-ol 1.04 X X 

LEU 1.24 X X cis/trans-Rose oxide 1.39 X X     

IBMP 1.06 X X Ethyl phenylacetate 1.30 X X     

Hexanol 1.04 X X β-Phenylethyl acetate 1.24 X X     

    Phenylethyl alcohol 1.21 X X     

    α-Terpineol 1.21 X X     

    Ethyl (di)hydrocinnamate 1.20 X X     

    Linalool 1.06 X X     

    1-Butanol 1.02 X X     

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; 3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate; IBMP: 2-isobutyl-3-

methoxypyrazine; IPMP: 2-isopropyl-3-methoxypyrazine; SBMP: 2-sec-butyl-3-methoxypyrazine  
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Table 35: The important compounds in Sauvignon blanc (Marlborough) data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols (red > blue) 

represent the high or low concentrations of the important compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 
(2018) 

VIP 
score 

C F Important compound 
(2019) 

VIP 
score 

C F Important compound 
(2021) 

VIP 
score 

C F 

Sauvignon blanc, 
Marlborough 

GLN 2.70 X X 3SH 3.89 X X 3SHA 4.09 X X 

3SH 2.69 X X α-Ionone 2.60 X X 3SH 2.75 X X 

ARG 2.31 X X SBMP 2.02 X X cis-3-Hexenyl acetate 2.16 X X 

Isobutyl acetate 1.85 X X Ethyl isobutyrate 1.89 X X Hexyl acetate 1.99 X X 

cis-3-Hexenyl acetate 1.79 X X cis/trans-Rose oxide 1.82 X X cis/trans-Rose oxide 1.70 X X 

Ethyl isovalerate 1.78 X X Ethyl isovalerate 1.81 X X Methionol 1.64 X X 

Isovaleric acid 1.74 X X Ethyl 2-methyl butanoate 1.80 X X GLN 1.52 X X 

Decanoic acid 1.64 X X 3SHA 1.79 X X ASN 1.44 X X 

Hexyl acetate 1.43 X X Glut-3SH 1.65 X X CYS 1.41 X X 

Geraniol 1.36 X X α-Terpineol 1.57 X X Isoamyl acetate 1.33 X X 

GLY 1.34 X X Isobutyric acid 1.38 X X ARG 1.27 X X 

Ethyl 2-methyl butanoate 1.33 X X Ethyl phenylacetate 1.37 X X Ethyl isobutyrate 1.21 X X 

Ethyl phenylacetate 1.32 X X Linalool 1.37 X X Ethyl 2-methyl butanoate 1.20 X X 

SBMP 1.30 X X 4-Ethylphenol 1.25 X X Phenylethyl alcohol 1.18 X X 

Methionol 1.28 X X Isobutanol 1.19 X X     

ASN 1.25 X X Geraniol 1.09 X X     

ALA 1.18 X X Isoamylalcohol 1.01 X X     

Cys-3SH 1.14 X X         

Nerol 1.13 X X         

Phenylethyl alcohol 1.08 X X         

Benzaldehyde 1.00 X X         

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; 3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate; IBMP: 2-isobutyl-3-

methoxypyrazine; IPMP: 2-isopropyl-3-methoxypyrazine; SBMP: 2-sec-butyl-3-methoxypyrazine 
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Table 36: The important compounds in Merlot data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols (red > blue) represent the high or low 

concentrations of the important compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 
(2018) 

VIP 
score 

C F Important compound 
(2019) 

VIP 
score 

C F Important compound 
(2021) 

VIP 
score 

C F 

Merlot, 
Hawke’s Bay 

4-Ethylguaiacol 3.09 X X 4-Ethylguaiacol 3.81 X X 3SH 3.72 X X 

PHE 2.49 X X ARG 2.66 X X Glut-3SH 2.69 X X 

Ethyl acetate 2.24 X X Ethyl acetate 2.42 X X LEU 2.57 X X 

4-Ethylphenol 2.19 X X ILE 2.09 X X 4-Ethylguaiacol 2.06 X X 

cis-3-Hexen-1-ol 1.65 X X TRP 1.88 X X ILE 1.98 X X 

TRP 1.58 X X Glut-3SH 1.55 X X MET 1.91 X X 

TYR 1.53 X X cis-2-Hexen-1-ol 1.43 X X 4-Ethylphenol 1.80 X X 

Glut-3SH 1.52 X X IBMP 1.40 X X PHE 1.72 X X 

ALA 1.46 X X ASP 1.35 X X VAL 1.58 X X 

3SH 1.43 X X LEU 1.34 X X LYS 1.29 X X 

ILE 1.42 X X cis-3-Hexen-1-ol 1.30 X X Nerol 1.19 X X 

LEU 1.37 X X trans-3-Hexen-1-ol 1.23 X X IBMP 1.17 X X 

MET 1.36 X X THR 1.14 X X ARG 1.13 X X 

LYS 1.36 X X PHE 1.12 X X ASP 1.09 X X 

GLU 1.34 X X trans-2-Hexen-1-ol 1.11 X X TRP 1.01 X X 

GLY 1.19 X X Hexyl acetate 1.06 X X     

Hexanol 1.14 X X         

Benzaldehyde 1.11 X X         

ASN 1.09 X X         

trans-3-Hexen-1-ol 1.02 X X         

cis-2-Hexen-1-ol 1.01 X X         

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; 3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate; IBMP: 2-isobutyl-3-

methoxypyrazine; IPMP: 2-isopropyl-3-methoxypyrazine; SBMP: 2-sec-butyl-3-methoxypyrazine  
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Table 37: The important compounds in Pinot noir data subsets, identified from PLS-DA (VIP score > 1.0). The red and blue square symbols (red > blue) represent the high or 

low concentrations of the important compounds, respectively, using Contemporary (C) or Future (F) vineyard management regimes. 

Sample subset Important compound 
(2018) 

VIP 
score 

C F Important compound 
(2019) 

VIP 
score 

C F Important compound 
(2021) 

VIP 
score 

C F 

Pinot noir, 
Marlborough 

ARG 2.52 X X Decanoic acid 2.84 X X Cys-3SH 2.42 X X 

MET 2.27 X X cis-3-Hexen-1-ol 2.54 X X GLU 2.17 X X 

ASP 1.98 X X trans-2-Hexenal 2.37 X X THR 2.10 X X 

PHE 1.98 X X 4-Ethylguaiacol 2.21 X X ARG 2.01 X X 

GLU 1.90 X X Isoamyl acetate 1.59 X X ALA 1.65 X X 

LYS 1.81 X X cis-2-Hexen-1-ol 1.56 X X TYR 1.60 X X 

LEU 1.79 X X TRP 1.51 X X Decanoic acid 1.59 X X 

ALA 1.74 X X GLN 1.50 X X ASP 1.56 X X 

THR 1.69 X X Isobutyl acetate 1.49 X X VAL 1.53 X X 

TYR 1.67 X X trans-2-Hexen-1-ol 1.32 X X MET 1.43 X X 

VAL 1.63 X X Isobutanol 1.32 X X ILE 1.43 X X 

HIS 1.56 X X Ethyl acetate 1.31 X X 1-Butanol 1.43 X X 

SER 1.54 X X MET 1.30 X X trans-2-Hexenal 1.36 X X 

ILE 1.49 X X ILE 1.28 X X Octanoic acid 1.36 X X 

Cys-3SH 1.39 X X LEU 1.26 X X LEU 1.32 X X 

GLY 1.25 X X PHE 1.26 X X 4-Ethylphenol 1.29 X X 

ASN 1.24 X X ASN 1.23 X X SER 1.27 X X 

TRP 1.18 X X TYR 1.14 X X GLN 1.24 X X 

cis-2-Hexen-1-ol 1.10 X X trans-3-Hexen-1-ol 1.09 X X Hexanal 1.21 X X 

trans-2-Hexen-1-ol 1.10 X X VAL 1.05 X X LYS 1.20 X X 

GLN 1.07 X X Hexanal 1.01 X X ASN 1.19 X X 

Phenylethyl alcohol 1.01 X X β-Phenylethyl acetate 1.00 X X GLY 1.16 X X 

        PHE 1.14 X X 

        IPMP 1.08 X X 

        HIS 1.04 X X 

        Methionol 1.02 X X 

Glut-3SH: S-3-(hexan-1-ol)-L-glutathione; Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; 3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate; IBMP: 2-isobutyl-3-
methoxypyrazine; IPMP: 2-isopropyl-3-methoxypyrazine; SBMP: 2-sec-butyl-3-methoxypyrazine  



138 
 

Table 38 summarised the 221 important compounds identified by PLS-DA according to their molecular 

functional groups. Amino acids were predominant important metabolites in the red wines, accounting 

for 52 % important metabolites in the Merlot wines and 63 % important metabolites in the Pinot noir 

wines. By contrast, important aroma compounds dominated in the Sauvignon blanc wines, accounting 

for 85 % important metabolites in the Hawke’s Bay Sauvignon blanc wines and 79 % important 

metabolites in the Marlborough Sauvignon blanc wines.  
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Table 38: The number of important compounds identified by PLS-DA (VIP score > 1.0) in each wine sample subset over three harvesting years (2018, 2019, and 2021) 

Sample subset 
Sauvignon blanc 
(Hawke’s Bay) 

Sauvignon blanc 
(Marlborough) 

Merlot 
(Hawke’s Bay) 

Pinot noir 
(Marlborough) 

Total 

Important compounds 47 52 52 70 221 

High concentration features 
in the Contemporary compounds 

20 (43 %) 21 (40 %) 21 (40 %) 51 (73 %) 113 (51 %) 

Important amino acids 6 (13 %) 9 (17 %) 27 (52 %) 44 (63 %) 86 (39 %) 

High concentration features 
in the Contemporary amino acids 

6 (100 %) 9 (100 %) 3 (11 %) 44 (100 %) 62 (72 %) 

Important aroma compounds 40 (85 %) 41 (79 %) 22 (42 %) 24 (34 %) 127 (57 %) 

High concentration features 
in the Contemporary aroma compounds 

13 (33 %) 11 (27 %) 15 (68 %) 15 (63 %) 54 (43 %) 

Important higher alcohols 3 6 0 4 13 

High concentration features 
in the Contemporary higher alcohols 

0 0 0 1 (25 %) 1 (7.7 %) 

Important terpenoids 9 8 1 0 18 

High concentration features 
in the Contemporary terpenoids 

1 (11 %) 2 (25 %) 1 (100 %) 0 4 (22 %) 

Important C6 compounds 4 0 7 8 19 

High concentration features 
in the Contemporary C6 compounds 

1 (25 %) 0 7 (100 %) 8 (100 %) 16 (84 %) 
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Amino acids: Amino acids can be used to determine the grape variety, vintage year, planting area, 

cultivation system, and fermentation conditions, so they are thought to be crucial markers in grapes [90] 

and wines [225]. During fermentation, amino acids are an essential nutrient for yeast metabolism [223, 

224]. Also, they are either direct or indirect vital precursors to form essential aroma substances, such 

as esters and higher alcohols, through a series of biological and chemical transformations [225, 229, 

233-237]. Therefore, the remaining amino acids in wines are indicative of grape varieties and yeast 

strains. As shown in Table 38, the percentage of amino acids in all influential compounds was 

approximately 13 % and 17 % in the Hawke’s Bay and Marlborough Sauvignon blanc data sets, 

respectively. By contrast, this proportion was approximately 52 % and 63 % in the Merlot and Pinot noir 

data sets, respectively. In addition, all of the concentrations of the influential amino acids in the 

Sauvignon blanc and Pinot noir wines under the Contemporary regime were higher than the Future 

ones. Interestingly, the Merlot variety showed the opposite trend. These results indicated the effect of 

vineyard practices on amino acids was different for each variety. The Contemporary regime was 

associated with the increased wild yeast metabolism in the Merlot ferments, whereas the Future regime 

was associated with the increased wild yeast metabolism in the Sauvignon blanc and Pinot noir 

ferments.  

 

In addition, the viticultural trends were different when all aroma compounds were considered together. 

Thus, each category of aroma compounds needs to be further explored. 

 

Higher alcohols: Higher alcohols are usually produced by the conversion of amino acids during 

fermentation [199, 203, 204]. In this study, higher alcohol concentrations were higher in the Future 

Sauvignon blanc and the Future Pinot noir wines than their corresponding Contemporary wines. Higher 

alcohols have both positive and negative influences on the aroma and flavour of wine according to 

concentrations [419]. When the concentration of these substances is less than 300 mg L-1, they can 

favourably increase the wine complexity and body [205]. However, they can produce unpleasant odours 

at high concentrations exceeding 400 mg L-1 [199, 420]. The herbicide application in the vineyard may 

have an indirect impact on the flavour of Sauvignon blanc and Pinot noir wines. In addition, no higher 

alcohols were identified as important by PLS-DA in the Merlot samples, although the Contemporary 

regime was associated with the increased yeast consumption of amino acids in the Merlot ferments. 

This inconsistent relationship between the higher alcohols and amino acids in the Merlot wines may 

result from wine yeast strains [421, 422], non-Saccharomyces yeasts [423], and amino acid 

concentrations in the juices [203, 419]. Various pathways of higher alcohol synthesis could be another 

reason for the inconsistent relationship in the Merlot wines. The formation of α-keto acids is the first 

step of higher alcohol synthesis, which can synthesised through catabolic, Ehrlich or anabolic pathways 

[419].  

 

Terpenoids: Monoterpenes and C13-norisoprenoids have been reported as key contributors to 

Sauvignon blanc wines [424, 425]. In this study, the important monoterpenes identified by PLS-DA 

(herbaceous and fruity fragrances [5]), β-damascenone (apple, fruity and flowery fragrances [426]), and 
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α-ionone (wood-violet [427]) were mainly found in the Sauvignon blanc wines but not in the red wines, 

and the majority of their concentrations were higher for the Future regime. Sunlight plays a key role in 

determining the amount of these aroma compounds present in the wines [197, 198]. Gerdes et al. 

reported the norisoprenoid concentrations were increased at sunlight exposure above 20 % of full sun 

exposure in White Riesling grapes and wines [197]. Also, Lee et al. found increased sunlight exposure 

to grape clusters generally increased the norisoprenoid concentration in Cabernet Sauvignon grapes 

and wines [198]. In the experimental Contemporary vineyards, the herbicides were applied to control 

and eliminate the competition of water and nutrients between weeds and the grape vines [106]. As a 

result from the herbicide application, the Contemporary grape vines had more cluster shading than the 

Future vines [67]. Therefore, the Future Sauvignon blanc grapes were exposed to the sunlight more 

than the Contemporary grapes, resulting in the increased concentrations of monoterpenes and C13-

norisoprenoids. However, this trend was opposite to the findings of Dupin et al. in terms of terpene 

alcohols in German white wines (Riesling, Silvaner, and Pinot blanc), who found that conventional wines 

were fruitier, more floral, and more vegetal than the organic wines [93]. 

 

C6 compounds: C6 or ‘green leaf’ alcohols and aldehydes contribute to grassy and herbaceous notes, 

bitterness [5] and acidity [428] in wine. They are produced in the middle of crushing by lipoxygenase 

oxidation and breakdown of grape lipids, in particular linoleic and linolenic (C18) acids [5]. The 

lipoxygenase activity is highly related to the grape variety [193], and this varietal factor differed in the 

viticultural trends in this study. The C6 alcohol and aldehyde concentrations were higher in the 

Contemporary red wines than in the Future red wines. Important C6 compounds were also identified by 

PLS-DA in the Hawke’s Bay Sauvignon blanc samples, but their concentrations in the Contemporary 

samples were higher in 2018 but lower in 2019 and 2021. Reynolds et al. found the seasonal increase 

of hexanol in juices and wines could be affected by the increasing shoot density and crop-thinning level 

in Riesling wine [428]. Therefore, the seasonal differences of the important C6 compounds in the 

Hawke’s Bay Sauvignon blanc samples could be due to the viticulture regimes having an impact on 

grape vine growth [67].  

 

When all the identified important metabolites identified by PLS-DA combined together, the differences 

of varietal, seasonal and regional factors emerged in these viticultural influential features. Firstly, the 

seasonal factor affected the viticultural patterns that can be observed in the Marlborough Sauvignon 

blanc wines over the three harvesting years, 2018, 2019, and 2021 (Table 35). The high concentration 

variations of important metabolites were shown in the 2019 Marlborough Sauvignon blanc under the 

Future regime. Meanwhile, no consistent trends can be found in the Marlborough Sauvignon blanc data 

subsets from the other two years. Secondly, the vineyard location was important as most of the 

influential metabolites in the Hawke’s Bay Sauvignon blanc group were not found at an important 

concentration in the corresponding Marlborough data subset. This regional difference could be 

associated with the different soil and climate conditions between the regions [93]. Lastly, varietal 

differences with regard to the effect of vineyard practices can be clearly observed by the proportion of 

high concentration metabolites using the Contemporary regime. Around 73 % of the important 
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metabolites in the Contemporary Pinot noir wines had higher concentrations than those in the Future 

Pinot noir wines. However, around 40 % of the important metabolites in the Contemporary Merlot and 

Sauvignon blanc wines had higher concentrations than those in the Future Merlot and Sauvignon blanc 

wines, respectively. 

 

Few influential compounds could be found in all three vintages in the Sauvignon blanc wine subsets. 

Ethyl 2-methyl butanoate and 3SH can be seen in all Marlborough Sauvignon blanc subsets, showing 

the high concentrations in the Future wines (Table 35). In addition, only linalool can be seen in all 

Hawke’s Bay Sauvignon blanc subsets, with the high concentrations in the Future wines (Table 34). By 

contrast, there were six important compounds identified by PLS-DA in all three years in the Merlot 

samples, including amino acids (LEU, ILE, PHE, and TRP), 4-ethylguaiacol, and Glut-3SH. Among the 

six important compounds, Glut-3SH showed its concentration variations in the Contemporary group 

were higher than those in the Future group. However, the other five important compounds showed the 

opposite trend.  

 

Furthermore, the highly consistent trend of the Pinot noir wines was because of the important amino 

acids identified by PLS-DA maintaining the same trend. This trend was that the metabolite 

concentrations were higher in the Contemporary Pinot noir wines than those in the Future Pinot noir 

wines. Trans-2-hexen-1-ol and 8 amino acids (GLN, MET, ILE, LEU, PHE, ASN, TYR, and VAL) were 

identified by PLS-DA in every vintage, sharing the same trend. The other 8 metabolites that did not 

follow the trend were acetate esters (ethyl acetate, isobutyl acetate, and isoamyl acetate (banana note 

[131])), higher alcohols (isobutanol, methionol, and phenylethyl alcohol), volatile phenols (4-

ethylguaiacol), and fatty acids (octanoic acid). Although trace amounts of these exceptions are present 

in grape, they are predominantly produced by yeast during fermentation [419]. In 2006, Braconi et al. 

used the Biolog system and observed that three commercial herbicides (Proper Energy, Pointer, and 

Silglif) had an important major negative influence on S. cerevisiae K310 (a wild-type wine strain) 

biological parameters and a slight and moderate effect on its fermentation and metabolism in yeast 

peptone dextrose (YPD) medium [429]. Therefore, the herbicide residue in the juices in this study, which 

came from the herbicide application in the Contemporary vineyards, might play a direct role in the wild-

type yeast strains and an indirect role on the aroma compound concentrations during the spontaneous 

fermentation. Further study needs to be carried out to explore the effects of the herbicide residue in real 

grape juice on the aroma compounds produced by yeast strains in finished wine.  

 

In summary, all the evidence showed that viticultural differences closely correlated and impacted the 

targeted metabolites of the wine samples; it is essential to consider grape variety, vintage year, and 

planting region to explore the effect of viticulture regime. It is assumed that at least parts of these 

influential components had a decisive impact on the wine metabolite profiles, and more studies are 

required before drawing any conclusions in terms of this question. 
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4.3.5. Correlation between thiols and precursors 

 

The volatile thiol 3SH and its acetylated derivative 3SHA have been extensively studied in wines, such 

as Sauvignon blanc [306, 430], Merlot, Cabernet Sauvignon, Cabernet franc [306, 431, 432], Macabeo 

[433], Traminer [434, 435], Muscadet, Bacchus [169], Mueller-Thurgau, Kerner [436], Verdejo, Albariño 

[437], Gewürztraminer, Scheurebe [192], and Petite Arvine [438]. They are key contributors to the 

aroma of box tree, grapefruit, and passionfruit [306, 317] with very low perception thresholds [18, 306]. 

Thus, although the concentrations of the varietal thiols are lower than other primary metabolites, they 

provide unique aromatic notes of wines, in particular, New Zealand Sauvignon blanc wine [10, 19, 21]. 

It is well known that New Zealand Sauvignon blanc wines contain higher concentrations of the two 

varietal thiols than Sauvignon blanc wines produced in other countries [3]. Considerable efforts have 

been made to understand the biogenesis of these thiols; their concentrations in wine have been linked 

to the juice composition [315, 317, 439].  

 

Grape juice is a rich and complex medium that contains at least 200 g L-1 sugars and hundreds of other 

metabolites with concentrations between ng L-1 to g L-1, such as amino acids, organic acids, and fatty 

acids [3]. However, the thiols are not originally present in grape juice and are reported to come from 

amino acid conjugates through β-lyase enzymatic hydrolysis during the winemaking process [10, 160, 

306, 317, 440]. Such conjugates have been found in many varieties, such as Sauvignon blanc [312, 

313], Müller-Thurgau [161], Melon B, Riesling, Gewürztraminer [441], Pinot Grigio, and Chardonnay 

[164]. A few compounds, such as trans-2-hexenal, cysteine, glutathione, and H2S, were identified as 

crucial building blocks for these molecules (Figure 30) [161, 306, 307, 316]. Meanwhile, studies have 

demonstrated the contribution of tentative thiol precursors, Cys-3SH and Glut-3SH, in grapes during 

fermentation [161, 308-311]. However, their conversion rates are low [306, 442], and the source of most 

volatile thiols is still unclear [317]. Bonnaffoux et al. reported the conversion rates between deuterated 

conjugates (CysGly-3SH, CysGly-4MSP, γGluCys-3SH, γGluCys-4MSP) and their respective free thiols 

were only from 0.17 % to 1 % [318]. Also, Pinu et al. found that 3SH and 3SHA in Sauvignon blanc wine 

have poor correlations with their potential precursors in juice [10], and the precursor levels in juice did 

not affect the thiol concentrations in wine [317]. The biogenesis of varietal thiols is still a topic of debate 

and different assumptions are available in addition to the contribution of tentative precursors [10, 131, 

317]. Thus, in this study, correlation score plots were built to explore the linkages and interrelations of 

these molecules in the VE samples under different viticulture regimes.  
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Figure 30: Hypothesised biosynthesis and degradation of varietal thiols from S-glutathionyl and cysteinyl 

precursors. Here, Glut-3SH, Cys-3SH, 3SH, and 3SHA represent S-3-(hexan-1-ol)-glutathione, S-3-(hexan-1-ol)-

L-cysteinylglycine, 3-sulfanyl hexanol, and 3-sulfanylhexyl acetate, respectively. 

 

The correlation plots of each variety from the Contemporary and Future regimes were shown in Figure 

31 to Figure 33, respectively. Thiols, 3SH and 3SHA, showed a strong positive correlation (R = 0.98 in 

Contemporary, and 0.82 in Future) in the Sauvignon blanc wines (Figure 31), which was in accordance 

with previously published literature [10, 317]. This is due to the fact that 3SHA forms from the acetylation 

of 3SH, and they convert to each other during wine storage [10, 443]. 3SHA was not detectable in the 

red varieties, so the correlation of the two thiols in red wines cannot be studied. The absence of 3SHA 

in the red wines could be due to the yeast differences, and the regulation of 3SH and 3SHA production 

during wine fermentation was reported to be strain-specific by Casu et al. [3]. 
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Figure 31: Correlation plots of trans-2-hexenal, and thiol precursors in the Sauvignon blanc juices as well as thiol precursors, and thiols in the finished wines. The left plot 

represents the Sauvignon blanc samples from the Contemporary regime, while the right plot represents the samples from the Future regime. Sum1 = juice Glut-3SH + juice 

Cys-3SH; Sum2 = wine Glut-3SH + wine Cys-3SH + wine 3SH + wine 3SHA. 
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Figure 32: Correlation plots of trans-2-hexenal, and thiol precursors in the Pinot noir juices as well as thiol precursors, and 3SH in the finished wines. The left plot represents 

the Pinot noir samples from the Contemporary regime, while the right plot represents the samples from the Future regime. Sum1 = juice Glut-3SH + juice Cys-3SH; Sum2 = 

wine Glut-3SH + wine Cys-3SH + wine 3SH. 
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Figure 33: Correlation plots of trans-2-hexenal, and thiol precursors in the Merlot juices as well as thiol precursors, and 3SH in the finished wines. The left plot represents the 

Merlot samples from the Contemporary regime, while the right plot represents the samples from the Future regime. Sum1 = juice Glut-3SH + juice Cys-3SH; Sum2 = wine 

Glut-3SH + wine Cys-3SH + wine 3SH. 
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The results for the thiol analysis of the wine samples are shown below (Table 39). The Marlborough 

Sauvignon blanc wines contained the highest total concentration of 3SH and 3SHA in every vintage, 

measured at 10,131 ng L-1 in 2018, 14,074 ng L-1 in 2019, and 53,985 ng L-1 in 2021. These highest 

concentration values confirmed that Sauvignon blanc wine from Marlborough is believed to harbour 

high concentrations of 3SH and 3SHA, resulting in fruity notes [21, 317, 426]. Interestingly, the highest 

total concentration of both thiols were found in the Future wines in 2019 but were found in the wines 

from different viticulture regimes in 2018 and 2021. This inconsistent viticultural trend could be due to 

the different nitrogen fertiliser treatments in the vineyard [223, 317] and the different wild yeast 

metabolisms during spontaneous fermentation [306, 444]. 
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Table 39: The concentrations of thiols in the experimental wines in each vintage, ordered by the total concentration (unit: ng L-1) 

Vintage Vineyard Regime 
(Sauvignon blanc, 

Hawke’s Bay) 

3SH 
 

3SHA 
 

Total 
 

Vineyard Regime 
(Sauvignon blanc, 

Marlborough) 

3SH 
 

3SHA 
 

Total 
 

Vineyard Regime 
(Pinot noir, 

Marlborough) 

3SH 
 

Vineyard Regime 
(Merlot, 

Hawke’s Bay) 

3SH 
 

2018 

Future 212 145 357 Contemporary 616 97 713 Contemporary 360 Future 144 

Contemporary 302 60 362 Future 716 88 804 Future 433 Contemporary 276 

Contemporary 483 13 496 Contemporary 889 108 997 Future 1,222 Future 491 

Contemporary 558 18 576 Contemporary 911 92 1,003 Contemporary 1,300 Future 1,729 

Future 1,451 283 1,734 Future 5,814 204 6,018 Contemporary 2,273 Future 2,103 

    Future 10,075 56 10,131   Contemporary 6,862 

2019 

Future 430 N. D. 430 Contemporary 201 N. D. 201 Future 334 Future 177 

Contemporary 564 N. D. 564 Future 994 N. D. 994 Contemporary 911 Future 308 

Contemporary 1,096 355 1,451 Contemporary 1,512 178 1,690 Future 1,403 Contemporary 339 

Contemporary 1,641 733 2,374 Contemporary 2,671 935 3,606 Contemporary 1,707 Contemporary 403 

Future 4,569 855 5,424 Future 6,828 664 7,492 Contemporary 2,182 Future 826 

Future 6,127 2,315 8,442 Future 11,982 2,092 14,074 Future 4,404 Future 1,110 

2021 

Future 379 81 460 Future 1,757 370 2,127 Future 546 Future N. D. 

Contemporary 1,533 52 1,585 Future 2,458 237 2,695 Contemporary 693 Future 345 

Future 7,100 1,046 8,146 Contemporary 13,637 4,293 17,930 Contemporary 824 Contemporary 1,213 

Contemporary 11,399 1,912 13,311 Contemporary 19,325 7,503 26,828 Future 1,157 Future 2,337 

    Future 20,272 3,406 23,678 Contemporary 1,714 Contemporary 3,142 

    Contemporary 41,770 12,215 53,985 Future 2,112   

3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate. Total = 3SH + 3SHA; N. D. = not detected. 
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Glut-3SH is the pro-precursor of Cys-3SH [307] and is enzymatically converted into Cys-3SH by γ-

glutamyltranspeptidase, which eliminates glutamic acid, and a carboxypeptidase, which eliminates 

glycine [312]. In Figure 31 to Figure 33, a strongly positive correlation between the precursors of Glut-

3SH and Cys-3SH was observed in the Contemporary juices (R = 0.87 in Sauvignon blanc, 0.82 in 

Merlot, and 0.77 in Pinot noir). This good correlation was also observed by Pinu et al. in 55 Sauvignon 

blanc juices [317], confirming that their biogenesis is somehow related. However, in the Future juices, 

the positive correlation of the precursors was not strong in Sauvignon blanc (R = 0.42) and Pinot noir 

(R = 0.56). There was even a small negative correlation of the precursors in the Pinot noir juices (R = -

0.11), indicating the Future regime played a negative role on the enzymatic conversion of the 

precursors. 

 

The concentration of Glut-3SH was from 39.2 to 394.2 µg L-1, and that of Cys-3SH ranged from 1.9 to 

46.1 µg L-1. Glut-3SH concentrations are generally higher than Cys-3SH concentrations, which has 

been found in other research [164, 308, 317, 445]. Their wide concentrations ranges are influenced by 

many contributors [317], such as grape disease [446], fertiliser use [447, 448], water deficit [447], soil 

environment [308], and grape maceration [161]. Figure 34 displays the precursors’ total concentration 

distribution in the experimental juices using boxplots. Although Pinu et al. observed that thiol precursor 

concentrations in 2010 Sauvignon blanc juices from Hawke’s Bay were generally lower than the 

corresponding juices from Marlborough [317], this trend was not observed in the Sauvignon blanc juices 

in this study over the 2018, 2019, and 2021 harvesting years. Of the thiol precursors presented here, 

the highest median value of the total concentrations was from the Contemporary Pinot noir in 2021. 

Except for the Marlborough Sauvignon blanc juices in 2018 and 2021, the other median values of the 

total precursor concentrations in the Contemporary juices were higher than such concentrations in the 

Future ones. This main difference could be due to the conventional grapevine grows without under-vine 

weeds and vegetation competition for water and nutrients [95, 104, 105]. 
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Figure 34: Boxplots of total thiol precursor concentrations in the experimental juices. Sum1 = juice Glut-3SH + 

juice Cys-3SH. The numbers 2018, 2019 and 2021 represent the vintage years. The vineyard management regimes 

of Contemporary and Future are abbreviated to C and F. The varieties of Hawke’s Bay Sauvignon blanc, 

Marlborough Sauvignon blanc, Merlot, and Pinot noir are abbreviated to HB, Mb, Ml, and PN. 

 

The values of correlations between thiols and precursors in the juices and wines are summarised in 

Table 40. In the Sauvignon blanc samples, there is a small negative correlation of Glut-3SH in the juices 

with either 3SH (R = -0.04 in Contemporary, and -0.25 in Future) or 3SHA in the wines (R = -0.13 in 

Contemporary, and -0.16 in Future) individually. Also in the Sauvignon blanc samples, Cys-3SH shows 

a negative correlation with 3SH (R = -0.33 in Contemporary, and -0.35 in Future) and 3SHA (R = -0.41 

in Contemporary, and -0.47 in Future). These results were in a line with those reported by Pinu et al. 

[131, 317] and Allen et al. [449], where they suggested that these precursors are minor contributors to 

thiols in the final Sauvignon blanc wine. A feedback regulation exhibited by S. cerevisiae EC1118 was 

found to explain the poor correlation between varietal thiol concentrations in Sauvignon blanc wine and 

thiol precursor levels in the juice [3]. Therefore, in this study, the negative correlations between each 

precursor and thiol could be affected by their low conversion rates [306, 442] and yeast strains during 

the winemaking process [10, 160, 306, 317, 440]. However, this study found that the total precursor 

concentrations in the three juices (Sum1 = juice Glut-3SH + juice Cys-3SH) was positively correlated 

with the total precursor and thiol concentrations in the three wines (Sum2 = wine Glut-3SH + wine Cys-

3SH + wine 3SH + wine 3SHA) in both vineyard regimes, which correlation values ranged from 0.62 to 
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0.90. These positive correlations indicated the biogenesis between the precursors in the juices and the 

thiols in the wines is somehow related.  
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Table 40: The correlation values of thiols and precursors in the experimental samples 

 
Sauvignon blanc 

(Contemporary) 

Sauvignon blanc 

(Future) 

Pinot noir 

(Contemporary) 

Pinot noir 

(Future) 

Merlot 

(Contemporary) 

Merlot 

(Future) 

juice Glut -3SH with  

wine 3SH 
-0.04 -0.25 0.07 -0.25 -0.08 0.63 

juice Glut-3SH with  

wine 3SHA 
-0.13 -0.16     

juice Cys-3SH with  

wine 3SH 
-0.33 -0.35 0.11 -0.35 -0.20 0.61 

juice Cys-3SH with  

wine 3SHA 
-0.41 -0.47     

juice Sum1 with  

wine Sum2 
0.62 0.64 0.82 0.90 0.63 0.75 

Sum1 = juice Glut-3SH + juice Cys-3SH; Sum2 = wine Glut-3SH + wine Cys-3SH + wine 3SH + wine 3SHA. 
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The correlation values between trans-2-hexenal and either thiols or precursors are summarised in Table 

41. In the Sauvignon blanc and Pinot noir samples, trans-2-hexenal in the juices showed no correlations 

with 3SH and 3SHA in the wines (R = -0.27 to 0.14), regardless of vineyard regimes. However, trans-

2-hexenal in the Merlot juices was strongly positively correlated with 3SH in both Contemporary wines 

(R = 0.79) and positive in Future wines (R = 0.54). This positive correlation could be related to the 

alternative biogenic pathway involving H2S and trans-2-hexenal and leading directly to 3SH [316].  
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Table 41: The correlation values between trans-2-hexenal and either thiols or precursors in the experimental samples 

 
Sauvignon blanc 

(Contemporary) 

Sauvignon blanc 

(Future) 

Pinot noir 

(Contemporary) 

Pinot noir 

(Future) 

Merlot 

(Contemporary) 

Merlot 

(Future) 

juice trans-2-hexenal 

with juice Glut-3SH 
0.59 0.14 -0.54 -0.45 -0.52 -0.12 

juice trans-2-hexenal 

with juice Cys-3SH 
0.58 -0.15 -0.50 0.41 -0.68 0.01 

Juice trans-2-hexenal 

with Sum1 
0.60 0.08 -0.54 -0.41 -0.59 -0.11 

juice trans-2-hexenal 

with wine 3SH 
0.14 -0.11 -0.06 -0.27 0.79 0.54 

juice trans-2-hexenal 

with wine 3SHA 
0.08 -0.03     

Juice trans-2-hexenal 

with Sum2 
0.33 0.09 -0.39 -0.26 -0.06 0.18 

Sum1 = juice Glut-3SH + juice Cys-3SH; Sum2 = wine Glut-3SH + wine Cys-3SH + wine 3SH + wine 3SHA. 
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Lastly, in Table 41, the correlations between trans-2-hexenal and precursor Glut-3SH or Cys-3SH in 

the Contemporary juices disagreed with those in the Future juices. On the one hand, in the Sauvignon 

blanc samples, there was a good positive correlation between trans-2-hexenal and precursor Glut-3SH 

(R = 0.59) or Cys-3SH (R = 0.58) in the Contemporary juices. However, no correlations between trans-

2-hexenal and precursor Glut-3SH (R = 0.14) or Cys-3SH (R = -0.15) in the Future juices were present, 

respectively. On the other hand, in the red varieties, there was a strong negative correlation between 

trans-2-hexenal and precursors either Glut-3SH (R = -0.54 in Pinot noir, and -0.52 in Merlot) or Cys-

3SH (R = -0.50 in Pinot noir, and -0.68 in Merlot) in the Contemporary red juices. There was no 

correlation between trans-2-hexenal and precursors either Glut-3SH (R = -0.12) or Cys-3SH (R = 0.01) 

in the Future Merlot juices. However, in Future Pinot noir juices, trans-2-hexenal was negatively 

correlated with Glut-3SH (R = -0.45) and was slightly positively correlated with Cys-3SH (R = 0.41). The 

main hypothesis presented in the literature is that the formation of these non-volatile precursors is due 

to the enzymatic detoxification action of the glutathione-S-transferases combining trans-2-hexenal and 

glutathione [304, 307]. Kobayashi et al. found that environmental stressors, including cold shock, heat 

shock, UV-C irradiation, and biological stimulation, activated the biosynthesis of both tentative 

precursors [307]. The present study adds that herbicide application is an additional environmental 

stressor in the Sauvignon blanc juices, as their Contemporary samples had an even better positive 

correlation between trans-2-hexenal and tentative precursors than the Future samples. On the contrary, 

in the red varieties, the Contemporary juices had a more negative correlation between trans-2-hexenal 

and the precursors than the Future ones. All these varied results confirm the complex linkage between 

non-volatile precursors and free thiols [445], as well as the different impact of the vineyard management 

regimes on each variety. 

 

4.3.6. Correlation between C6 compounds in juices and wines 

 

C6 or ‘leaf’ alcohols and aldehydes contribute to grassy and herbaceous notes, bitterness [5] and acidity 

[428] in wine [450]. Seven C6 compounds in the juice and wine samples were analysed in this study. 

To better understand the interactions between all the C6 compounds, correlation plots were built for 

each variety using Contemporary and Future vineyard regimes, respectively (Figure 35, Figure 36, and 

Figure 37).  
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Figure 35: Correlation of C6 compounds in experimental Sauvignon blanc juices and wines (left: Contemporary; right: Future) 
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Figure 36: Correlation of C6 compounds in experimental Pinot noir juices and wines (left: Contemporary; right: Future) 
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Figure 37: Correlation of C6 compounds in experimental Merlot juices and wines (left: Contemporary; right: Future) 
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C6 aldehydes and alcohols are produced during grape crushing by lipoxygenase oxidation and 

breakdown of grape lipids, in particular linoleic and linolenic (C18) acids [5]. The lipoxygenase activity is 

highly related to the grape variety [193]. This varietal relationship was confirmed in this study as the 

juice and wine hexanal correlations were obviously different between the red samples and the 

Sauvignon blanc samples. In Figure 35, it can be noticed that the correlations of hexanal (cut grass, 

herbaceous, and unripe fruit notes [397]) between juices and wines in the two red varieties were high 

(R was bigger than 0.50), regardless of whether Contemporary or Future regimes were considered. 

However, as for hexanal between juices and wines, there was no correlation in the Contemporary 

Sauvignon blanc samples (R = -0.01), while a small positive correlation in the Future ones (R = 0.16).  

 

By contrast, the correlations of hexanol (resin, flower, green, and cut grass notes [131, 206]) between 

juices and wines in all the varieties were high (R was bigger than 0.48), regardless of whether 

Contemporary or Future regimes were considered. Examples of the hexanol results in the juices and 

wines can be found in Figure 38, where boxplots show the results separated based on Contemporary 

or Future vineyard practices. Firstly, González-Rodríguez et al. reported that the hexanol concentration 

in Spanish Godello juice was not influenced by the fungicide application [451]. In this study, however, 

most of the data groups showed that the median values in the Contemporary group were higher than 

those in the corresponding Future group, suggesting the herbicide application increased the hexanol 

concentrations in the juices and wines. Secondly, although Jouanneau et al. observed there were no 

clear differences in the concentration of hexanol between the 2009 and 2010 Sauvignon blanc wines 

from Marlborough [418], the seasonal differences of hexanol were found in both juices and wines in this 

study. The 2021 hexanol concentrations were higher than the 2018 and 2019 counterparts within each 

variety and region. This seasonal increase of hexanol in juices and wines could be affected by the 

increasing shoot density and crop-thinning level observed by Reynolds et al. in Riesling wine [428]. 

Lastly, Benkwitz et al. studied Sauvignon blanc wines from Marlborough and Hawke’s Bay and found 

hexanol was one of the aroma compounds resulting in the region differentiation [19]. Nevertheless, 

there were no clear regional differences that could be concluded in the Sauvignon blanc samples from 

Marlborough and Hawke’s Bay in this data set. This result was in accordance with the finding that few 

differences of hexanol concentrations in Sauvignon blanc wines were seen across grape-growing 

subregions in Marlborough [385, 418].  
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Figure 38: Examples of the hexanol concentrations found in the experimental juices (left) and wines (right) regarding the vineyard management regimes of Contemporary (C) 

and Future (F). The numbers 2018, 2019, and 2021 represent the vintage years. The varieties of Sauvignon blanc, Pinot noir, and Merlot are abbreviated to SB, PN, and Ml, 

and Hawke’s Bay and Marlborough regions are abbreviated to HB and Mb, respectively. 
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The correlations between cis-3-hexen-1-ol in the juices and the wines were found to be the most highly 

positively correlated for the Sauvignon blanc (R = 0.84 in Contemporary, and 0.85 in Future) sample 

sets. They were also highly positively correlated in the Pinot noir (R = 0.77 in Contemporary, and 0.96 

in Future) and Merlot (R = 0.79 in Contemporary, and 0.68 in Future) samples. Cis-3-hexen-1-ol is an 

unsaturated alcohol and has an intense grassy-green odour of freshly cut green grass and leaves [428]. 

It originates enzymatically from linoleic and linolenic acid through aerobic oxidations [452] and alcoholic 

fermentation [398, 453]. It has been reported that the concentration of cis-3-hexen-1-ol increases by 

increasing shoot density and clusters per shoot in non-aged and aged Riesling wines [428]. However, 

the concentration of it did not relate to the content of nitrogen fertilisation in aged Riesling wines [453] 

nor to the fungicide residues in white grapes (V. vinifera) during the pre-fermentative steps [451]. These 

vineyard ecological practices may have the same influence on cis-3-hexen-1-ol in juices as a strong 

association between juices and wines was found in this study. 

 

The ratio of the highly positive correlation values (larger than 0.50) in all correlation values reached 

34.7 % in Contemporary Pinot noir and 44.9 % in Future Pinot noir, which were 34.7 % in Contemporary 

Merlot and 24.5 % in Future Merlot, as well as only 20.4 % in Contemporary Sauvignon blanc and 30.6 

% in Future Sauvignon blanc. Furthermore, it cannot be ignored that all the correlations in wines were 

positive except for the correlation between trans-2-hexenal and trans-2-hexen-1-ol in the Sauvignon 

blanc (R = -0.08). We also see that the correlations of all five C6 alcohols between the juices were all 

positive in the two red variety samples, which was unique compared to the Sauvignon blanc juices. 

 

Overall, the varietal differences of the correlation of C6 compound concentrations in juices and wines 

were found in the current data subsets. However, the viticultural differences of that correlation were not 

observed, indicating the herbicide application in the vineyards did not play a role in the C6 compounds 

during the spontaneous fermentation. 

 

4.4. Conclusion 

 

This set of experiments demonstrated that the four factors (grape variety, vintage year, vineyard region, 

and viticulture regime) influenced the targeted wine metabolites. It is important to note that the Year 

factor was shown to have the most crucial role (of the four explored) in influencing the metabolites of 

the wine samples. At this stage, Variety has been shown to be the second most influential factor for the 

wines, although it was the top influential factor in the juice samples before spontaneous fermentation. 

Vineyard Regime was the least influential factor after Region, an intrinsic factor, in the wine data set, 

and they contributed similar variation to this data set.  

 

Subsequently, important metabolites identified by PLS-DA were discovered and highlighted the impact 

of the viticulture regimes on the chemical profiles of wines. For Sauvignon blanc wines, the vineyard 

regimes mainly contributed to differences in the aroma compounds, such as higher alcohols, terpenes, 

and C13-norisoprenoids in that their concentrations were higher under the Future regime. For the red 
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wines, amino acids were the main influential compounds, showing higher concentrations in the Future 

Merlot samples and Contemporary Pinot noir wines, respectively. Lastly, 73 % of the influential 

compounds in the Pinot noir data set demonstrated higher concentrations under the Contemporary 

regime. This highly consistent trend did not emerge in the other two wines. 

 

In addition, the correlation analysis of thiols and their precursors showed that the relationship between 

3SH and 3SHA in the Sauvignon blanc wines was highly positive, regardless of vineyard practice. The 

interrelations between Glut-3SH and Cys-3SH in all the Contemporary juices were more positive than 

those in the Future juices. Although the total concentrations of precursors in the juices were positively 

correlated with the total concentrations of precursors and thiols in the wines, such correlations were not 

observed between each juice precursor and wine thiol. This result confirms the complex relationship 

between non-volatile precursors and free thiols.  

 

Overall, although the different vineyard regimes of Contemporary or Future were not the dominant factor 

in determining wine composition, this did not mean it was unimportant. This factor was detectable and 

is a controllable aspect for winegrowers, suggesting winemakers can manipulate the flavour of their 

wines by altering their vineyard management regime. The informative results that have emerged from 

this study could be helpful both now and in the future for grape growers to select and optimise their own 

vineyard practices. 
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Chapter 5. Effect of Glyphosate Application on Wine 

Metabolites during Alcoholic Fermentation 

 

 

5.1. Introduction 

 

The competition for water and nutrients between weeds and crops is a challenge that every grower 

must face [95, 104, 105]. The use of herbicides, which are highly effective chemicals in controlling and 

eliminating weeds [106], is an important tool. The application of herbicides targets the elimination of 

competitive vegetation without affecting the growth, maturation, yield, and quality of crops [97, 454, 

455]. In vineyards, areas between the rows of grapevines are usually planted with cover crops or left 

with weeds and grass that naturally grow [456], but under-vine areas are treated with herbicides to 

remove unwanted weeds [457]. However, over the years, the unrestricted use of herbicides has caused 

increasingly prominent negative effects, especially in terms of herbicide resistance [458] and 

environmental pollution [459, 460]. Furthermore, grapes are one of the crops most likely to be 

contaminated by synthetic chemicals [461]. Herbicide residues can negatively affect grapevine growth 

[462] and oenological yeast metabolism slowing down the fermentation in the wine making process 

[463]. Consequently, aroma production is altered and the fermented wine flavour changes [462].   

 

Among the different herbicides, glyphosate, introduced in 1974 for weed control in agriculture [464], is 

the most widely used herbicide in the world [460, 465] and also one of the most common herbicides 

extensively applied in vineyards [115, 466-468]. In general, growers spray glyphosate directly onto the 

leaves of target weeds [469], killing them by blocking the synthesis of phenolic compounds [112], 

aromatic amino acids (tyrosine, phenylalanine, and tryptophan [470]), and other aroma compounds 

[107] produced via the shikimate pathway [97, 105, 107] as shown in Figure 39. Glyphosate can be 

degraded into its main metabolite, aminomethylphosphonic acid (AMPA), in soil [471] or plants [472] by 

microorganisms [122]. AMPA has similar properties to glyphosate [473] but remains longer in the 

environment [474]. Low et al. found that around 21 % of glyphosate was metabolised by baker’s yeast 

(S. cerevisiae) in dough cultures within an hour during the fermentation cycle of the breadmaking 

process with proofing temperatures ranging from 31 to 34 °C. However, the resulting degradation 

compounds were not investigated in their study [475]. 
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Figure 39: The shikimate pathway and action site of glyphosate [97, 105, 107] 

 

The use of glyphosate, like other herbicides, has prompted the insurgence of resistance of different 

weeds; for example, in New Zealand, ryegrass shows resistance to glyphosate in vineyards [470]. In 
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addition, related studies have shown that glyphosate can be released from weed roots or dead weeds 

[113, 114], penetrate the soil, and affect the metabolite profile and nutritional value of the crops that are 

trying to be protected [114, 115], such as sunflower seeds [112] and apples [476]. This negative impact 

on crop growth could also threaten grape quality and ultimately affect processed or fermented foods 

(such as wine) [105, 112]. The ability of glyphosate to inhibit the shikimate pathway [97, 107], could 

have repercussions on precursors of aromatic [225, 229, 233-237] and phenolic compounds [118]. More 

importantly, although humans and other mammals do not have the shikimate pathway, glyphosate has 

been shown to block the biosynthesis of aromatic amino acids in gut bacteria, which in turn is associated 

with gastrointestinal disorders, obesity, diabetes, cancer, heart disease, depression, autism, infertility, 

and Alzheimer's disease [122, 477]. It has also been reported that glyphosate residues can induce 

adverse health effects such as membrane irritation, vomiting, and even respiratory failure through 

ingestion and inhalation [462].  

 

Glyphosate is a very polar compound with high solubility in water but low solubility in most organic 

solvents. It does not retain well on conventional LC C18-columns and non-polar GC columns [478]. In 

recent years, new stationary phases in LC have enabled the retention and separation of polar 

compounds such as glyphosate, thus avoiding the need for tedious and time-consuming derivatisation 

steps [464]. However, the sensitivity of non-derivatised methods does not meet the demand for trace 

glyphosate detection in wine.  In New Zealand, the maximum residue limit (MRL) of glyphosate in grape 

is 0.01 mg kg-1, and the upper limit for wine is 0.01 ppm [479]. Derivatisation with 9-fluorenylmethyl 

chloroformate (FMOC-Cl) is a common procedure to improve extraction and separation of glyphosate 

and other related compounds with LC and GC based methods [95, 464].  

 

With public environmental awareness increasing, non-chemical weeding and vineyard planting 

management methods have been proposed and applied. Cultivation of the area under the grapevine is 

one of the management methods used to replace glyphosate application [456], however this approach 

can also cause problems, such as soil erosion under repeated farming [480, 481]. In 2016, the findings 

of Donnini et al. showed that the pH and anthocyanins (mainly acylated) in cv. Ancellotta (Vitis vinifera 

L.) berries treated with glyphosate were significantly reduced compared to superficial tillage treatment 

without herbicide application, and titratable acidity increased [115]. This change is hypothesised to be 

related to glyphosate inhibition of  the shikimate pathway [482] [483]. Interestingly, the application of 

glyphosate to an Italian cv. Ancellotta vineyard in the study reported by Donnini et al. did not influence 

the concentrations of metabolites connected with the shikimate pathways such as anthocyanins, 

flavonoids, and phenolic acids in the finished wine [115]. The authors have suggested that the results 

might have been influenced by the maceration conditions and mechanical processes [115, 484, 485].  

 

The use of cover crops is another popular treatment in the area directly beneath grapevines [469, 486-

488]. It is believed that this practice inhibits the overgrowth of vines [489], prevents the formation of 

harmful canopy shadows [488, 490, 491], and ultimately improves the quality of grape berries [469, 492, 

493]. Relatively speaking, grapevines tend to overgrow in cool climates with sufficient rainfall [494], so 
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the use of cover crops is more feasible under this climatic condition [456]. In 2016, Jordan et al. 

compared three different cover crops (resident vegetation, buckwheat, and annual ryegrass) and 

glyphosate application methods for weeding Riesling grapevines under the vine area. Although no vine 

growth data nor basic juice oenological parameters (soluble solids, TA, pH, and YAN) were found to be 

significantly different, wine sensory results after fermentation showed that there were significant 

differences in the aroma characteristics of wine [456]. 

 

In 2016, Karl et al. comprehensively compared the effects of four vine management methods on 

Cabernet franc, including cultivation, two cover crops (native vegetation and white clover), and 

glyphosate application [372]. The grape yields of the two cover crop management regimes decreased 

significantly to approximately half the yield of grapes with glyphosate management. Under the various 

planting management methods, there was no significant difference between the basic parameters of 

grape juice (°Brix, pH, TA, and YAN) and the wine sensory results. However, anthocyanin and 

secondary metabolite concentrations were not determined [79]. In the same year, Morozova et al. used 

isothermal microcalorimetry to study grapes of Vitis vinifera L. cv. Gewürztraminer and found that the 

application of glyphosate reduced the heat generated by the grape juice during fermentation. This 

decrease was consistent with the reduction of amino acid and sugar content in grapes and can be 

compensated by the application of a nitrogen fertiliser [105]. 

 

In 2006, Braconi et al. found that glyphosate did not affect S. cerevisiae K310 wine strain growth, 

fermentation or metabolism in YPD medium [429]. To date, there have been no reports on the direct 

effects of glyphosate levels in grape juice during wine fermentation and the aroma chemistry of the 

finished wine. Providing the above-mentioned information to winemakers is the fundamental driving 

force of this research. Accordingly, Pinot noir juice with different glyphosate concentrations was 

fermented using different yeast strains. The fermentation kinetics were evaluated by daily weight loss. 

The concentrations of glyphosate and its metabolite AMPA, the ethanol concentration after 

fermentation, and several primary and secondary metabolites belonging to different chemical classes 

in the finished wines were evaluated by HPLC, LC-MS/MS and GC-MS. 

 

5.2. Materials and Methods 

5.2.1. Chemicals and reagents 

 

Commercial standards (+)-catechin hydrate (98 %), (-)-epicatechin (90 %), rutin hydrate (94 %) and 

quercetin (95 %) were purchased from Sigma. Luteolin (95 %), glyphosate (98 %), and AMPA (98 %) 

were purchased from AK Scientific, Inc. (Union City, CA, USA) as analytical standards. 13C2, 15N-

glyphosate and 13C, 15N-AMPA (internal standards) were obtained from Toronto Research Chemicals 

Inc. (Toronto, ON, Canada).  
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The LC-MS-grade solvents used were acetonitrile (J.T. Baker, Phillipsburg, NJ, USA) and formic acid 

(ThermoFisher Scientific, Ottawa, Canada). L-(+)-tartaric acid was reagent grade, purchased from 

Scharlau (Barcelona, Spain), and acetic acid (ACS reagent grade) was purchased from Merck, 

Germany. Other solvents and reagents were analytical grade: boric acid (99.8 %, Chem-supply, 

Gillman, SA, Australia), methanol, ethanol, acetone, sodium hydroxide (97 %), and hydrochloric acid 

(37 %, ECP, Auckland, New Zealand). Sodium tetraborate (99.998 %) and FMOC chloride (99 %) were 

from Sigma-Aldrich (Castle Hill, NSW, Australia), and potassium metabisulfite (PMS, food-grade) was 

from Enartis, USA. Water was purified using a Milli-Q water purification system at 18.2 MΩ cm-1 

(Barnstead NANOpure® Diamond™, ThermoFisher Scientific, Waltham, MA). 

 

Standard stock solutions of labelled and unlabelled glyphosate and AMPA (1 mg mL-1) were prepared 

in 10 % acetonitrile and stored in 15 mL plastic centrifuge tubes at -20 °C as glyphosate tends to interact 

with glass surfaces [495]. Intermediate solutions (100 µg mL-1) were prepared from the standard stock 

solution. Working solutions (from 10 pg mL-1 to 10 µg mL-1) were diluted with 10 % acetonitrile in 15 mL 

plastic centrifuge tubes at 4 °C. A mixture of the two internal standards was spiked in all the samples. 

A FMOC chloride solution (10 mM) in acetonitrile was prepared. Sodium tetraborate and boric acid were 

used to prepare the borate buffer (0.125 M, pH = 9) [496-498]. 

  

5.2.2. Yeast strains and experimental juices 

 

The study used four commercial yeast strains: Lalvin RC212™ (Lallemand, Denmark), Vialatte Ferm® 

R71 and So.Delight (Martin Vialatte, SAS Sofralab, Epernay Cedex, France), and Levuline BRG YSEO 

(Oenofrance, Rueil-Malmaison France). Nutristart® and Dynastart® (Laffort®, France) were also 

employed in this study. 

 

Five litres of Pinot noir grape juice (named PNC in this study, harvested in March 2019) were sourced 

from the Awatere Valley of Marlborough in New Zealand. Another 10 L of Pinot noir (named PNVE in 

this study, Pernod Ricard Winemakers) was collected in March 2020 and kindly supplied by Plant and 

Food Research Ltd (PFR). These grape juices came from two different vineyards, both located in the 

Marlborough region, near the east coast of the South Island, New Zealand. The juice samples were 

kept at -20 °C prior to fermentation. Then, they were thawed for approximately 24 hours at 9 °C. 

Standard juice analyses were measured in biological triplicate according to published protocols [389], 

including pH by a pH meter, °Brix using a refractometer, and titratable acidity (TA) using a Hanna® 

H1901 Automatic Titrator. Additionally, following the manufacturer’s instructions, the total yeast 

available nitrogen (YAN) was determined using enzymatic kits K-LARGE and K-PANOPA (Megazyme, 

Bray, Ireland).  
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5.2.3. Fermentation of PNC juice 

 

The fermentation method was based on one developed by Kinzurik et al. [499]. For each fermentation 

set, ferments were carried out in 250 mL conical flasks sealed with fermentation air locks and rubber 

stoppers, and the treatments were carried out in biological triplicate. Once the fermenting apparatuses 

were assembled, 200 mL of grape juice was added to each flask, and different concentrations of 

glyphosate (0, 10 ppb, and 1 ppm) in 10 % acetonitrile (0.2 mL) were spiked into the juices. Each flask 

was incubated for an hour at the fermenting temperature (25 °C) before adding yeast. The fermentation 

temperature was set within the desirable fermentation temperature range of 18–30 °C, according to the 

technical data relevant to the S. cerevisiae Lalvin RC212™ strain. The PNC juice was either fermented 

spontaneously or inoculated with RC212™ strain at a concentration of 0.25 g L-1, according to the 

manufacturer’s technical datasheets. This 0.25 g L-1 of active dried yeast (ADY) provided an initial cell 

population of approximately 5 × 106 viable cells mL-1. Rehydration of yeast was carried out in a 0.6 g L-

1 solution of Nutristart®. The flasks were subsequently incubated at 25 °C in a temperature-controlled 

incubator with rotary shaking at 100 g (Figure 40).  

 

 

Figure 40: The PNC fermentation samples on the 5th day 

 

The weight of the ferments was monitored daily throughout fermentation. Fermentation was considered 

completed when weight loss was ≤ 0.1 g per 24 h [499]. This was further confirmed for each sample 

through the use of AimTab™ Reducing Substances Tablet, which is a quick method based on 

Benedict's copper reduction reaction to estimate the total residual sugar in winemaking [500]. The 

colour indicated the wines were sitting between zero and trace amounts of sugar remaining and thus 

considered dry (less than 0.25 g L-1 residual sugar). At the end of fermentation, residual sugar was 
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determined using an enzymatic kit K-FRUGL (Megazyme, Bray, Ireland) according to the 

manufacturer’s instructions (typically less than 4 g L-1 sugar content when the ferment is dry [10, 409]). 

Fermentation was stopped with potassium metabisulfite (PMS) addition (50 ppm SO2), and the finished 

wines were decanted into 50 mL centrifuge tubes and centrifuged (2,012 g, 10 min) to pellet solids. The 

supernatant was transferred to clean 50 mL Falcon tubes and stored at -20 °C. 

 

5.2.4. Fermentation of PNVE juice 

 

The fermentation method was based on those developed by Parish [159] and Kinzurik et al. [499]. After 

thawing, the juice (8.64 L in total) was chemically sterilised with dimethyl decarbonate (DMDC, 0.4 µL 

per litre of juice [501]) in 1 L Schott bottles, and placed in a 25 °C incubator with rotary shaking at 100 

g overnight. For each fermentation set, ferments were carried out in 250 mL conical flasks fitted with 

fermentation air locks and rubber stoppers. The treatments were carried out in biological triplicate. Once 

the fermentation apparatuses were assembled, 180 mL of grape juice was added to each flask, and 

different concentrations of glyphosate (0, 1 ppb, 10 ppb, and 1 ppm) in 10 % acetonitrile (0.18 mL) were 

spiked into the juice. Each flask was incubated for an hour at the fermenting temperature (18 °C) before 

adding yeast. The fermentation temperature was determined according to the manufacture’s technical 

data. The PNVE juice was inoculated with these three yeast strains at a concentration of 0.20 g L-1, 

according to manufacturer technical datasheets. Rehydration of the yeasts was carried out in a 0.125 

g L-1 solution of Dynastart® (Laffort®, France), which aided in improving the viability and overall yeast 

metabolism. The flasks were put into an 18 °C temperature-controlled incubator with rotary shaking at 

100 g (Figure 41). Two days after inoculation, 50 mg L-1 of Nutristart® (Laffort®, France) was added 

into each ferment in order to increase the YAN of the juice (224.15 mg of N L-1). 

 

 

Figure 41: The PNVE fermentation samples on the first day 
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The weight of the ferments was monitored daily (24 hours) throughout fermentation [499]. At the end of 

the fermentation, residual sugar was estimated by Clinitest® [500] and determined using an enzymatic 

kit K-FRUGL according to the manufacturer’s instructions [10, 409]. The wine was cold settled at -3 °C 

(approximately 4 days). The clarified wine was transferred into clean 250 mL conical flasks. An addition 

of 121.46 ppm PMS (70 ppm SO2), was spiked into each flask. The finished wines were decanted into 

50 mL centrifuge tubes and centrifuged (2,012 g, 10 min) to pellet solids. The supernatant was 

transferred to clean 50 mL Falcon tubes and stored at -20 °C. 

 

5.2.5. Colour analysis 

 

Wine samples were taken out of the -20 °C freezer and thawed to room temperature. After vortexing 

for one minute, 2 mL of each sample was filtered through a 3 mL disposable syringe (Terumo) fitted 

with a 0.2 µm filter (Phenex™-RC syringe filters, Phenomenex, Torrance, CA, USA). Wine samples 

were prepared according to the description in Table 42. Based on published procedures [502, 503], 

their colour properties were measured using a spectrophotometer (UNICAM Helios Gamma, Helios 

Delta), and the absorbances were read at 420 nm (brown/yellow) and 520 nm (red). The colour density 

(a measure of total wine colour) was calculated by the addition of A420 and A520 (A420 + A520), and the 

colour hue (a measure of wine age) was determined by the division of A420 and A520 (A420/A520). The 

addition of excess SO2 gave the colour of sulfite-unbleachable pigments (mainly polymeric pigments) 

at 520 nm (𝑨𝟓𝟐𝟎
𝑺𝑶𝟐) [411]. 

 

Table 42: The spectral measures for presenting wine colour and phenolics at experimental wine pH and sulfur 

dioxide conditions [409] 

No. Absorbance Wine property Method 

1 𝐴  Yellow/brown pigments 2 mL of wine measured at 420 nm 

2 𝐴  
Red coloured anthocyanins 

and tannins 
2 mL of wine measured at 520 nm 

3 𝐴  
SO2-resistant pigments 

(mainly polymeric pigments) 

2 mL of wine added 30 µL of 10 % w/v potassium 

metabisulfite measured at 520 nm after mixing 

4 𝐴  
Red coloured pigments in the 

absence of bleaching effects 

2 mL of wine added 20 µL of 10 % w/v ethanal 

measured at 520 nm after mixed and left for 45 minutes 

5 𝐴  + 𝐴  Wine colour density Sum of yellow/brown and red pigments 

6 𝐴  / 𝐴  Wine Hue Ratio of yellow/brown to red pigments 

 

The spectrophotometer was zeroed at each wavelength using ultrapure water in an Eppendorf cuvette 

(10 mm path length, Germany). Each sample was also pipetted into a UV-visible cuvette with a 10 mm 

path length and measured once. Finally, the values from the biological triplicate ferments were averaged 

to give the results. 
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5.2.6. Glyphosate analysis 

 

Derivatisation procedure: A modified derivatisation method was used in this study and tested 

according to a published method [504]. An aliquot of wine sample was adjusted to pH 7 with 10 N 

sodium hydroxide in technical duplicate. Next, 100 µL of this wine was filtered through a 0.2 µm syringe 

filter into a 2 mL Eppendorf tube containing 0.9 mL of ultrapure water. Following this, 20 µL of 

glyphosate and AMPA internal standards mix (1 mg L-1), 120 µL of borate buffer (0.125M, pH 9), and 

200 µL of FMOC-Cl (10 mM in acetonitrile) were spiked into an Eppendorf tube. Then, the Eppendorf 

tube was vortexed for 1 minute and incubated for 20 minutes at 50 °C with 100 g shaking. Finally, the 

sample was transferred into a 2 mL autosampler vial ready for LC-MS/MS analysis in a randomised 

order.   

 

LC-MS/MS conditions: An Agilent 1290 Infinity liquid chromatograph (Santa Clara, CA, USA), 

equipped with a quaternary pump system, was used for the analysis of glyphosate and AMPA in wine 

samples. Samples (10 µL) were injected into a Phenomenex Kinetex C18 column (3.0 x 100 mm, 2.6 

µm) operating at a temperature of 25 °C. Water with 0.1 % formic acid was used as the mobile phase 

A and acetonitrile as mobile phase B. The percentage of acetonitrile was linearly changed as follows: 0 

min, 30 %; 2 min, 30 %; 3 min, 90 %; 5 min, 90 %; and 6 min, 30 % with a total flow rate of 0.5 mL min-

1. The total run time was 12 minutes, and the retention times for glyphosate-FMOC/glyphosate-13C2, 
15N-FMOC and AMPA-FMOC/AMPA-13C, 15N-FMOC were 2.0 and 2.5 minutes, respectively. 

 

An Agilent 6460 Triple Quad mass spectrometer (Santa Clara, CA, USA) with an electrospray ionisation 

(ESI) source was employed for MS analysis. The mass spectrometer analyses were carried out in 

negative ion mode, and the ion source type was Jetstream Technology (AJT). The dynamic multiple 

reaction monitoring (dMRM) mode was used. The following MS instrumental setting parameters were 

used: drying gas flow was 7 L min-1, and the drying gas temperature was 250 °C. The sheath gas flow 

was 8 L min-1, and the sheath gas temperature was 225 °C. The nebuliser pressure was 45 psi. The 

capillary voltage was 3500 V, and the nozzle voltage was 1500 V. The cell accelerator voltage was 7 

V, and the fragmentor voltages were 80 V for glyphosate-FMOC/glyphosate-13C2, 15N-FMOC and 60 

volts for AMPA-FMOC/AMPA-13C, 15N-FMOC. Data were processed by Agilent MassHunter software. 

In addition, [M-H]- ions (m/z) were selected as the precursor ions and three transitions were selected 

for each derivative of glyphosate-FMOC (390→168 for quantification, 390→150 and 390→63 for 

qualification) and of AMPA-FMOC (332→110 for quantification, 332→136 and 332→92 for 

qualification). 

 

5.2.7. Polyphenol analysis 

 

Sample preparation: Frozen wine sample (1.5 mL) was defrosted and allowed to warm to room 

temperature before being homogenised by a vortex. The sample was then filtered into a 2 mL Grace 

Ram amber screwcap vial (Agilent), using a 0.2 µm syringe filter (RC membrane, Phenomenex) and a 
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3 mL disposable syringe (Terumo). Vials were sealed with silicon septa and screw caps (Agilent) for 

direct injection in technical duplicate in a randomised order.  

 

HPLC conditions: An Agilent 1100 series instrument (Waldbronn, Germany), equipped with a G1315B 

diode-array detector (DAD), was used for the analysis of polyphenols in wine [505]. Samples (20 µL) 

were injected into a Phenomenex Kinetex® C18 column (100 x 4.6 mm, 2.8 μm, pore size of 100 Å), 

operating at 23 °C. The mobile phase consisted of a ternary solvent mixture: (A) ultrapure water, (B) 

ultrapure water/acetic acid solution (95:5 v/v), and (C) acetonitrile, delivered at a constant flow rate of 

1.0 mL min-1. The solvent gradient of the RP-HPLC analysis was as follows (Table 43). 

 

Table 43: Solvent gradient for HPLC analysis of polyphenols 

Time (min) A (% of H2O) B (% of CH3COOH) C (% of CH3CN) 

0 40 55 5 

3.20 0 75 5 

6.40 0 95 5 

9.60 0 95 5 

16.0 0 90 10 

25.6 0 80 20 

30.4 0 60 40 

33.6 0 55 45 

36.8 40 55 5 

40.0 40 55 5 

  

The DAD was set at four different wavelengths: 280 nm to monitor hydroxybenzoic acids and flavan-3-

ols; 320 nm for hydroxycinnamates, grape reaction product (GRP), and stilbenes; 360 nm for flavonols; 

and 520 nm for monomeric anthocyanins. Polyphenols were identified using retention times and 

absorption wavelength maxima (Table 44) given by the respective reference standard. 
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Table 44: Retention times and absorption wavelength maxima for each polyphenol analysed in wine samples 

Compound Retention Time  

(min) 

DAD Wavelength  

(nm) 

Maximum Absorbance  

(nm) 

gallic acid 1.1 280 270 

(+)-catechin 4.2 280 278 

vanillic acid 6.3 280 292 

caffeic acid 6.5 320 322 

syringic acid 7.8 280 276 

(-)-epicatechin 8.4 280 278 

p-coumaric acid 10.7 320 310 

ferulic acid 14.9 320 322 

malvidin 3-glucoside 17.4 520 278, 526 

rutin 21.5 360 354 

t-resveratrol 25.9 320 306 

 

5.2.8. Thiol precursor analysis 

 

Sample preparation: Wine samples were analysed in technical duplicate according to a method 

developed by Jelley et al. [310] and adapted in house. Samples were centrifuged (1,789 g, 5 min) in 2 

mL Eppendorf tubes, and the supernatant filtered through a 0.2 µm syringe filter. An aliquot (40 μL) of 

an aqueous solution containing both diastereomers of d3-(R/S)-Cys-3SH and d3-(R/S)-Glut-3SH was 

added to 1.5 mL of wine (final concentrations of 33 and 68 μg L-1, respectively). After vortexing for one 

minute, the samples were ready for LC-MS/MS analysis in a randomised order. 

 

LC-MS/MS conditions: All LC-MS/MS analyses were carried out with an Agilent 1290 Infinity LC (Santa 

Clara, CA, USA) equipped with a quaternary pump and connected in series to an Agilent 6460 triple 

quadrupole MS system with an AJS ESI source. Data acquisition and processing were performed using 

MassHunter software (version B.07.00, Agilent, Santa Clara, CA, USA). The column was a 

Phenomenex Kinetex C18 column (100 mm × 3 mm, 100 Å, 2.6 µm, Santa Clara, CA, USA) operated at 

25 °C and protected by a 4 × 2 mm i.d. C18 guard column (Phenomenex). The solvents were 0.1 % 

aqueous formic acid (solvent A) and acetonitrile (solvent B), with a flow rate of 0.5 mL min-1. The 

gradient for solvent B was as follows: 0 min, 5 %; 6 min, 5 %; 10 min, 15 %; 12 min, 95 %; 15 min, 

95 %, and 16 min, 5 %. The column was equilibrated with 5 % B for 6 min prior to injection. A 10 μL 

injection volume was used for each sample. All mass spectrometric data were obtained in positive ion 

mode. Nitrogen gas flow was 9.0 L min-1, and the sheath gas flow was 11.0 L min-1. The gas temperature 

was 250 °C, and the sheath gas temperature was 350 °C. The nebuliser, capillary voltage, and nozzle 

voltage were set at 45 psi, 4,000 V, and 500 V, respectively. For MRM, Q1 and Q3 had unit resolution 



175 
 

and the transitions chosen (Table 45) had a dwell time of 50 ms each. Dynamic MRM parameters were 

optimised with pure synthetic reference compounds (approximately 1 mg L-1) and diluted with 40 % 

aqueous acetonitrile containing 0.1 % formic acid. 

 

Table 45: Mass transitions chosen for dynamic multiple reaction monitoring of 3-sulfanyl hexanol precursors 

Analyte Q1 (m/z) Q3 (m/z) Internal standard Q1 (m/z) Q3 (m/z) 

Cys-3SH 222 205 d3-Cys-3SH 225 208 

Glut-3SH 408 279 d3-Glut-3SH 411 282 

Cys-3SH: S-3-(hexan-1-ol)-L-cysteine; Glut-3SH: S-3-(hexan-1-ol)-L-glutathione. 

 

5.2.9. Amino acid analysis 

 

Sample preparation: Wine samples were analysed in technical duplicate according to a method 

developed by Huang et al. [298] and adapted in our lab. Samples were centrifuged (1,789 g, 5 min) in 

a 2 mL Eppendorf tube, and the supernatant was filtered with a 0.2 µm syringe filter. An aliquot (25 μL) 

of an aqueous solution containing five internal standards of d3-methionine, d3-alanine, d2-glycine, d3-

aspartic acid and d8-lysine (final concentrations of 2.55, 2.94, 3.45, 3.55, and 2.06 μg mL-1 of each 

internal standard) was added to 1.0 mL of wine. After vortexing for one minute, the samples were ready 

for LC-MS/MS analysis in a randomised order. 

 

LC-MS/MS conditions: All LC-MS/MS analyses were carried out with an Agilent 1290 Infinity LC (Santa 

Clara, CA, USA) equipped with a quaternary pump and connected in series to an Agilent 6460 triple 

quadrupole MS system with an AJS ESI source. Data acquisition and processing were performed using 

MassHunter software (version B.07.00, Agilent, Santa Clara, CA, USA). The column was an Agilent 

InfinityLab Poroshell 120 HILIC-Z column (2.1 x 100 mm, 2.7 µm) (Santa Clara, CA, USA) operated at 

25 °C and protected by a 5 × 2.1 mm i.d. HILIC-Z guard column (Agilent). The solvents were 0.2 M 

ammonium formate at pH 3/ultrapure water (10/90) (solvent A) and 0.2 M ammonium formate at pH 

3/acetonitrile (10/90) (solvent B), with a flow rate of 0.5 mL min-1. The gradient for solvent B was as 

follows: 0 min, 99 %; 11 min, 70 %; 11.5 min, 70 %; and 12 min, 99 %. The column was equilibrated 

with 99 % B for 6 min prior to injection. A 1 μL injection volume was used for each sample. All mass 

spectrometric data were obtained in positive ion mode. Nitrogen gas flow was 13 L min-1, and the sheath 

gas flow was 12 L min-1. The gas temperature was 330 °C, and the sheath gas temperature was 390 

°C. The nebuliser, capillary voltage, and nozzle voltage were set at 35 psi, 2,000 V, and 1,000 V, 

respectively. For MRM, Q1 and Q3 had unit resolution and the transitions chosen (Table 46) had a 

dwell time of 50 ms each. Dynamic MRM parameters were optimised of standards (approximately 1 mg 

L-1) diluted with mobile phase solutions. 
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Table 46: Mass transitions chosen for dynamic multiple reaction monitoring of amino acids 

Analyte Q1 (m/z) Q3 (m/z) Internal standard Q1 (m/z) Q3 (m/z) 

Phenylalanine 166.0 120.1 d3-Methionine 152.9 56.1 

Tryptophan 205.1 187.9 d3-Methionine 152.9 56.1 

Leucine 132.0 86.1 d3-Methionine 152.9 56.1 

Isoleucine 132.0 86.1 d3-Methionine 152.9 56.1 

Methionine 150.0 56.2 d3-Methionine 152.9 56.1 

Tyrosine 182.0 91.1 d3-Alanine 93.0 47.2 

Valine 118.0 72.1 d3-Alanine 93.0 47.2 

Cysteine 121.9 59.0 d3-Alanine 93.0 47.2 

Alanine 90.0 44.2 d3-Alanine 93.0 47.2 

Threonine 120.0 74.1 d3-Alanine 93.0 47.2 

Glycine 76.0 30.1 d2-Glycine 78.0 32.2 

Glutamine 147.0 84.0 d2-Glycine 78.0 32.2 

Serine 106.0 60.1 d2-Glycine 78.0 32.2 

Asparagine 133.0 74.0 d2-Glycine 78.0 32.2 

Glutamic acid 148.0 84.0 d3-Aspartic acid 136.8 75.0 

Aspartic acid 134.0 74.0 d3-Aspartic acid 136.8 75.0 

Histidine 156.0 110.1 d3-Aspartic acid 136.8 75.0 

Arginine 175.1 70.1 d3-Aspartic acid 136.8 75.0 

Lysine 147.1 84.1 d8-Lysine 154.9 92.1 

 

5.2.10. Thiol and C6 compound analysis 

 

Sample preparation: Wine samples were analysed in technical duplicate according to a method 

developed by Herbst-Johnstone et al. [171] and adapted in our lab. An ethanolic ethyl propiolate (ETP) 

solution (250 mM) was added to 50 mL of wine, containing 2 mM butylated hydroxyanisole (BHA), 0.3 

nmol d2-3SHA, 2 nmol d2-3SH, 984 µg L-1 d11-hexyl alcohol, and 267 µg L-1 d12-hexanal (used as internal 

standards) and stirred (500 rpm, 2 min). pH was adjusted to 10.00 ± 0.05, and stirring (500 rpm, 10 

min) was followed by centrifugation (2,012 g, 10 min) in a 50 mL Falcon tube to remove the precipitate 
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formed by the pH modification. The sample was then loaded onto a solid-phase extraction (SPE) 

cartridge (Supelclean ENVI-18) attached to a Biotage VacMaster-10 sample processing manifold, 

previously activated with methanol (10 mL) and washed with 12 % EtOH (10 mL). The cartridge was 

rinsed with water (5 mL), and the analytes eluted in 10 mL of dichloromethane. The organic phase was 

dried with anhydrous Na2SO4 and concentrated to about 25 µL under a gentle stream of nitrogen.  

 

GC-MS conditions: Gas chromatographic analyses were carried out on an Agilent 6890N gas 

chromatograph (Santa Clara, CA, USA) equipped with a 7683B automatic liquid sampler, a G2614A 

autosampler, and a 5973 mass selective detector. Samples were placed into a tray cooled to 9 °C for 

automated injection in a randomised order. The inlet temperature was held at 250 °C. Two microliters 

of the sample were injected in pulsed splitless mode and delivered onto an Agilent HP-Innowax capillary 

column (60 m × 0.250 mm ID, 0.25 µm film thickness) using He as carrier gas at a flow rate of 1.2 mL 

min-1. The initial oven temperature (150 °C for 2 minutes) was ramped to 250 °C at a rate of 10 °C min-

1 and held for 20 minutes. The temperature of the interface line was set to 250 °C. The ion source, 

operating in electron impact mode at 70 eV, was held at 230 °C. The quadrupole temperature was set 

at 150 °C. The targeted compounds and internal standards were detected in SIM mode, selecting the 

following ions for identification (Table 47). 
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Table 47: Ions adopted in the identification and quantification of the targeted compounds 

Compound Retention time (min) Quantitative ion (m/z) Qualitative ion (m/z) 

d2-3SHA-ETP 19.85 276 231 

3SHA-ETP 19.88 274 229 

d2-3SH-ETP 24.25 234 189 

3SH-ETP 24.34 232 187 

d12-Hexanal 15.03 64 46, 80 

Hexanal 15.27 56 44, 57, 72 

trans-2-Hexenal 20.55 83 41, 69 

d11-Hexyl alcohol 24.74 64 62, 76 

Hexanol 25.16 56 43, 69 

trans-3-Hexenol 25.67 82 41, 67 

cis-3-Hexenol 26.65 67 41, 82 

trans-2-Hexenol 27.60 57 41, 82 

cis-2-Hexenol 28.07 82 57, 67 

3SH: 3-sulfanyl hexanol; 3SHA: 3-sulfanylhexyl acetate; ETP: ethyl propiolate. 

 

5.2.11. Methoxypyrazine analysis 

 

Sample preparation: Wine samples were analysed in technical duplicate according to a method 

developed by Parr et al. [406] and adapted in house. The concentrations of 3-isobutyl-2-

methoxypyrazine (IBMP), 2-sec-butyl-3-methoxypyrazine (SBMP), and 3-isopropyl-2-methoxypyrazine 

(IPMP) in each of the wines were determined using an automated HS-SPME (Head Space Solid-Phase 

Micro-Extraction) technique employing deuterated internal standards, d3-IBMP and d3-IPMP. Sample 

preparation involved pipetting 1.6 mL of wine and 6.4 mL of ultrapure water (i.e., a 4-fold dilution) into 

20 mL SPME sample vials, followed by 50 µL of d3-IBMP and d3-IPMP internal standard solution (final 

concentrations of 56.0 and 54.8 ng L-1, respectively) and 3.0 g of crystalline sodium chloride. 

Immediately after, 2 mL of 4 M NaOH was added, and the tube was purged with nitrogen and capped.  

 

GC-MS conditions: Samples were incubated for 40 minutes at 40°C with their enclosed headspace 

exposed to a 2 cm long DVB/CAR/PDMS SPME fibre. During this exposure period, the headspace 

volatiles, including the methoxypyrazines, were absorbed onto the fibre. Desorption of these volatiles 

occurred when the fibre was inserted into the heated injection port (250°C, splitless mode) of an Agilent 
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7890A GC system and mass selective detector model 5975C inert XL (Santa Clara, CA, USA) in a 

randomised order. The instrument was equipped with a tandem column composed of an HP-1ms (30 

m, 0.320 mm ID, 0.25 µm film) (Agilent, Santa Clara, CA, USA) and HP-INNOWax (30 m, 0.320 mm 

ID, 0.25 µm film) (Agilent, Santa Clara, CA, USA). The oven temperature was as follows: initial oven 

temperature of 60 °C was held for 5 minutes, then ramped to 170 °C at a rate of 4 min-1, raised to 240 

°C at 50 °C min-1 and held for 5 minutes, giving a total run time of 38.9 minutes.  IPMP eluted at 16.2 

minutes and SBMP and IBMP at around 18.9 and 19.4 minutes, respectively. During elution of 

methoxypyrazines, the GC–MS was switched to single ion monitoring (SIM) mode and tuned to 

measure m/z values of 127, 240, and 155 for d3-IPMP; 124, 137, and 152 for IPMP; 124, 138, and 151 

for SBMP; 127, 154, and 169 for d3-IBMP; and 124, 151, and 166 for IBMP, respectively. The m/z ratio 

of 137/140 was used to quantify IPMP concentrations, and 124/127 to quantify SBMP and IBMP 

concentrations, respectively.  

 

5.2.12. Aroma compound analysis 

 

Sample preparation: Wine samples were analysed in technical duplicate according to a method 

developed by Pinu et al. [131] and adapted in house. Ten millilitres of wine samples were added to 

Agilent 20-mL amber headspace screwcap vials containing 3.0 g sodium chloride. A standard solution 

mixture (30 µL) that contained 13 deuterated internal standards along with 50 µL of a second standard 

mix solution (containing DL-3-octanol (478 µg L-1), 4-decanol (456 µg L-1), and 3,4-dimethylphenol (125 

µg L-1)) was added to each vial and mixed. The vial was purged with nitrogen and sealed with an Agilent 

screw cap, pending analysis in a randomised order.  

 

GC-MS conditions: Samples were placed onto the Gerstel MultiPurpose sampler MPS2 tray (VT32-

20). Each sample was incubated for 10 min in the Gerstel Agitator/Stirrer AS at 45°C and agitated at 

500 g prior to extraction. A 2 cm, 23-Gauge, 50/30 µm, DVB/CAR/PDMS fibre for the automated holder 

(SUPELCO, Bellefonte, PA, USA), which had been pre-baked for 5 min at 250°C (pressure at 50 kPa, 

total flow rate of 14.022 mL min-1, and a septum purge flow of 2 mL min-1), was exposed to the 

headspace of the 20-mL capped vial (30 mm vial penetration) for 60 min at 45°C. After extraction, the 

fibre was transferred to the injection port of an Agilent 7890A GC System coupled to a mass selective 

detector model 5975C inert XL (Santa Clara, CA, USA), where desorption of the analyte in splitless 

mode (pressure 27.881 kPa, a total flow rate of 15 mL min-1, and a septum purge flow of 2 mL min-1) 

took place for 10 min at 250°C (67 mm injection penetration). Helium was used as the carrier gas 

(27.881 kPa) at a flow rate of 1 mL min-1. Volatiles were separated in a tandem column composed of 

an HP-1ms (30 m, 0.320 mm ID, 0.25 µm film, Agilent, Santa Clara, CA, USA) and HP-INNOWax (30 

m, 0.320 mm ID, 0.25 µm film, Agilent, Santa Clara, CA, USA). The initial oven temperature of 40°C 

was held for 5 min, then ramped to 200°C at a rate of 2 °C min-1 and held for 5 min, then raised to 240 

°C at 80 °C min-1 and held for 5 minutes before dropping down to 40 °C at 80 °C min-1 and holding for 

2 min. The temperature of the interface was set to 250°C. The ion source, operating in electron impact 

mode at 70 eV, was held at 230°C. The quadrupole temperature was set at 150 °C. 
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5.2.13. Statistical analysis 

 

All statistical analyses were performed using MetaboAnalyst 5.0 [408]. Before statistical analysis, a log 

transformation procedure combined with a mean centring approach was applied to the data set. This 

data normalisation aims to ensure high concentration metabolites do not dominate the statistics over 

low concentration compounds and to make the data normally distributed [221, 506]. Mean differences 

in the chemical composition of wines were ascertained by one-way analysis of variance (ANOVA). A 

positive result (p < 0.05) meant that at least two sample groups were significantly different from each 

other. Combined with ANOVA, the posthoc Tukey’s honestly significant difference (HSD) analysis 

further explored which group means significantly differed from one another. In addition, the false 

discovery rate (FDR) adjusted p-values was generated to account for multiple comparisons, which 

reports the ratio of significant differences found to the significant differences expected by chance for 

the number of tests performed [10].  

 

5.3. Results and Discussion 

5.3.1. Pre-fermentation analysis 

 

Sugar levels of the PNC juice and the PNVE juice were 25.2 ˚Brix, and 24.0 °Brix, respectively. Wine 

grapes contain significant amounts of organic acids, and the acidity of grape juice is often defined by 

both pH and TA, playing a significant role in the acidic taste, colour, and microbial stability of the juice 

[409]. In addition, low juice pH can prolong the lag phase of fermentation, during which the population 

of viable cells quickly grows to the maximum value [5]. In the PNC juice, the pH value was 3.4, and TA 

was 11.8 g L-1, while the pH of the PNVE juice was 3.1, and the TA content was 7.4 g L-1. These different 

values highlight the variable content of organic acids in the juices, particularly tartaric, malic, and citric 

acids, which are the main organic acids in grape juice [409]. Tartaric and malic acids account for over 

90 % of the total acid constituents of the juice. In addition, nitrogen is an essential nutrient for yeast 

metabolism during fermentation. The nitrogen sources present in grape juice which can be metabolised 

by yeasts are recognised as YAN [10]. In order to avoid slow or stuck fermentation, grape juice is usually 

spiked with a certain amount of diammonium phosphate (DAP) before fermentation to make the YAN 

content reach 250 mg of N L-1 [10]. Since the YAN content in the PNC juice (274.33 mg of N L-1) was 

higher than 250 mg of N L-1, the step of adding DAP was not required. However, the total YAN in the 

PNVE juice was 224.15 mg of N L-1. Instead of DAP, 50 mg L-1 of Nutristart® was added into each 

ferment 48 hours after inoculation of the PNVE juice to increase YAN. Nutristart® is a high-performance 

nutrient, combining not only a fast yeast assimilable mineral nitrogen (ammonium phosphate), but also 

a slow yeast assimilable organic nitrogen (inactivated yeast and yeast autolysates) and thiamine.  
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5.3.2. Glyphosate effects on fermentation kinetics 

 

Yeast convert sugar in grape juice into ethanol and carbon dioxide over the fermentation period [507], 

which results in weight loss until the fermentation is complete [499]. In this study, weight loss was used 

as one of the key indicators for judging the fermentation rate and completion to explore the influence of 

glyphosate on fermentation kinetics under PNC and PNVE fermentation conditions, respectively.  

 

5.3.2.1. The fermentation kinetics of the PNC ferments 
 

Pinot noir wines can be produced from inoculated or from spontaneous fermentations [508] and in this 

study both were explored. For inoculated fermentations, a commercially produced, single RC212 yeast 

strain was used; and for the traditional spontaneous fermentation, yeasts naturally present in PNC 

grape juice carried out the fermentative process. It can be seen from Figure 42 that all the PNC juice 

samples were successfully fermented to completion. The samples of RC212 inoculated fermentations 

(2-a, 2-b, and 2-c) had a relatively rapid start of fermentation, and the weight loss gradually slowed 

down from the 6th day. Especially for the 2-c sample group inoculated with 1 ppm glyphosate, the 

increase in weight loss from the 6th day onwards was significantly lower than that of the other RC212 

inoculated fermentation samples. By contrast, the initial fermentation speed of uninoculated samples 

(1-a, 1-b, and 1-c) was relatively slower. From the 8th day, their weight loss began to gradually slow 

down, and the weight loss rate tended to be consistent with the RC212 inoculated fermentation 

samples.  
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Figure 42: Fermentation plots tracking the weight loss on average (n = 3) over time (days) for PNC sample groups 
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Among the fermentation samples of all six groups, the fermentation completion time of the 2-c group 

was shorter (12 days), and the total weight loss was the smallest (approximately 24.8 g). This sample 

group was the Lalvin RC212™ inoculated fermentation with 1 ppm glyphosate. Besides 2-c, the average 

weight loss of all remaining groups exceeded 26.6 g, and the fermentation continued slowly until the 

15th day (on which the average weight loss ranged from 0.19 to 0.46 g). From this, it can be inferred 

that the glyphosate addition did not influence uninoculated fermentation. The apparent resistance of the 

wild yeasts to glyphosate could be due to the fact that they were exposed to it in the vineyard. This 

result agrees with the finding by Braconi et al. that wild yeast (S. cerevisiae K310 isolated from naturally 

fermenting must) growth and fermentative metabolism were not affected by glyphosate [429]. They 

demonstrated that the use of glyphosate (3.04 mg L-1) did not affect the overall metabolic activity of the 

wine S. cerevisiae K310 strain, although it inhibited the assimilation of D-ribose and turanose [429]. 

However, the Lalvin RC212™ inoculated fermentation (2-c) with the addition of a higher concentration 

of glyphosate (1 ppm) finished faster, indicating the glyphosate impact on each yeast strain could be 

different [462, 463]. The glyphosate concentrations in the finished wines and the significant differences 

between the uninoculated and the RC212 inoculated fermentations are further detailed and interpreted 

in the following sections. 

 

Another noteworthy phenomenon is that the relative standard deviation of the three biological triplicate 

samples of the 2-c group was 0.03 %, while that of the other five sample groups ranged between 0.82 % 

and 10.62 %. Non-homogenous juice composition in each fermentation flask could explain the 

increased variability. In addition, due to the New Zealand COVID-19 lockdown, the fermentation was 

forcibly stopped by PMS addition and was harvested on the 15th day, despite the daily weight loss of 

most samples still exceeding 0.1 g. However, the concentrations of reducing sugars (D-glucose and D-

fructose) in all samples were less than 0.1 g L-1.  

 

5.3.2.2. The fermentation kinetics of the PNVE ferments 
 

As shown in the PNC wine fermentation results, the addition of 1 ppm glyphosate affected the 

fermentation kinetics in the RC212 inoculated samples (PNC 2-c). Therefore, three more yeast strains 

(R71, So.Delight, and BRG YSEO) were selected to further explore the effect of glyphosate on 

inoculated ferments. In this fermentation experiment, PNVE juice was sterilised by DMDC to avoid the 

influence of wild yeast strains in the juice. Furthermore, more glyphosate levels were studied in the 

PNVE fermentation to better observe the correlation between glyphosate and wine metabolites 

interpreted in the following wine metabolites section. Unfortunately, in this experiment, weight loss data, 

from days 3-10, was not recorded due to another COVID-19 lockdown. Even though the lockdown data 

points are missing, the weight loss curves in Figure 43 remain interesting. It can be seen that there are 

four groupings of the fermentations based on their kinetics and these are PNVE1 (uninoculated), 

PNVE2 (R71 inoculated), PNVE 3 (So.Delight inoculated), and PNVE 4 (BRG YSEO inoculated).  
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Figure 43: Fermentation plots tracking the weight loss on average (n = 3) over time (days) for PNVE samples (PNVE 1: uninoculated; PNVE 2: R71 inoculated; PNVE 3: 

So.Delight inoculated; PNVE 4: BRG YSEO inoculated; -a: control; -b: glyphosate 1 ppb; -c: glyphosate 10 ppb; -d: glyphosate 1 ppm) 
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All inoculated PNVE juice samples were successfully fermented, with one set (PNVE 3) finishing at 

around 18.1 g of weight loss. The PNVE 3 set was inoculated with the yeast So.Delight and started 

more vigorously than the other sets on the second day. The PNVE 2 set, which was inoculated by the 

yeast Vialatte Ferm R71, finished on the eighteenth day, and the total weight loss was approximately 

20.5 g when it was dry. After inoculation by the yeast Levuline BRG YSEO, the PNVE 4 set started 

slowly, with weight loss gradually slowing down from the 18th day and finishing seven days later than 

the other inoculated sample sets (PNVE 2 and 3). Although its fermentation rate was slow, the total 

weight loss was around 21.0 g, similar to the total weight loss of the PNVE 2 (R71) set. Because of the 

missing data points, the time points of the weight loss in the BRG YSEO group do not show the period 

of slowing down like the other two inoculated sample sets. Although the fermentation rates in terms of 

yeast strains were obviously different, the different glyphosate concentrations appeared not to play a 

role in the fermentation rates, which follows the finding by Braconi et al. that glyphosate effects on 

oenological S. cerevisiae growth and fermentative metabolism are not detectable [429]. 

 

Although the PNVE juice was sterilised by DMDC before fermentation, most of the uninoculated 

samples (PNVE 1) still underwent spontaneous fermentation. Each wild ferment had a unique 

fermentation behaviour. Three out of twelve uninoculated samples did not ferment, and another seven 

were stuck at approximately 11.0 g. Only two uninoculated samples experienced weight loss greater 

than 16 g but were still quite far off to reach dryness. A possible reason is that these uninoculated 

samples were unevenly contaminated by the spiked commercial nutriments of Dynastart at the 

beginning and/or Nutristart® after 48 hours of the fermentation. Therefore, they were harvested at the 

same time as the last inoculated samples finished. 

 

5.3.3. Glyphosate concentrations in the finished wines 

 

The herbicide glyphosate and its main degradation product AMPA were quantified in the fermented 

PNC and PNVE samples. Table 48 shows that glyphosate was not detected in the unspiked PNC wines 

(LOD for glyphosate was 1.95 ppb). The concentrations of glyphosate in the remaining spiked wines 

were similar to the concentrations of glyphosate spiked before fermentation. Similarly, glyphosate was 

not detected in the unspiked PNVE wines nor the wines spiked with 1 ppb glyphosate standard at the 

beginning of the fermentation. The concentrations of glyphosate in the remaining spiked wines were 

similar to the concentrations of glyphosate spiked at 10 ppb and 1 ppm before fermentation. 

Furthermore, AMPA was not detected in any of the wine samples (LOD for AMPA was 2.06 ppb). This 

suggests that the glyphosate did not degrade or degraded very little during the winemaking process. In 

general, the biodegradation of glyphosate in water takes a long period of time even under the conditions 

of suitable microorganisms (mainly bacteria and a few fungi) and a conducive living environment 

(nontoxic aqueous environment at a temperature of 25-37 °C and pH of 6-7.5) [460]. In 2018, la Cecilia 

et al. found that glyphosate biodegraded in a vineyard with t1/2 of 84 days [460, 509]. The low pH of 

around 3 in grape juice and wine matrix during fermentation is not suitable for glyphosate-degrading 
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microorganism growth, which could be a potential explanation for little glyphosate degradation during 

the experimental winemaking process. 
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Table 48: Average values and standard deviations for the glyphosate concentrations in the finished wines (n = 6) 

No. PNC sample group Glyphosate (µg L-1) No. PNVE sample group Glyphosate (µg L-1) 

1 PNC 1-a (uninoculated, control) N. D. 1 PNVE 1-a (uninoculated, control) N. D. 

2 PNC 1-b (uninoculated, glyphosate 10 ppb) 11.05 ± 0.89 2 PNVE 1-b (uninoculated, glyphosate 1 ppb) N. D. 

3 PNC 1-c (uninoculated, glyphosate 1 ppm) 957.72 ± 28.43 3 PNVE 1-c (uninoculated, glyphosate 10 ppb) 9.84 ± 2.86 

4 PNC 2-a (RC212 inoculated, control) N. D. 4 PNVE 1-d (uninoculated, glyphosate 1 ppm) 724.50 ± 150.82 

5 PNC 2-b (RC212 inoculated, glyphosate 10 ppb) 11.78 ± 0.81 5 PNVE 2-a (R71 inoculated, control) N. D. 

6 PNC 2-c (RC212 inoculated, glyphosate 1 ppm) 922.79 ± 30.62 6 PNVE 2-b (R71 inoculated, glyphosate 1 ppb) N. D. 

   7 PNVE 2-c (R71 inoculated, glyphosate 10 ppb) 12.20 ± 0.90 

   8 PNVE 2-d (R71 inoculated, glyphosate 1 ppm) 1007.84 ± 16.27 

   9 PNVE 3-a (So.Delight inoculated, control) N. D. 

   10 PNVE 3-b (So.Delight inoculated, glyphosate 1 ppb) N. D. 

   11 PNVE 3-c (So.Delight inoculated, glyphosate 10 ppb) 11.76 ± 0.51 

   12 PNVE 3-d (So.Delight inoculated, glyphosate 1ppm) 982.22 ± 19.31 

   13 PNVE 4-a (BRG YSEO inoculated, control) N. D. 

   14 PNVE 4-b (BRG YSEO inoculated, glyphosate 1 ppb) N. D. 

   15 PNVE 4-c (BRG YSEO inoculated, glyphosate 10 ppb) 12.66 ± 0.63 

   16 PNVE 4-d (BRG YSEO inoculated, glyphosate 1 ppm) 1050.85 ± 45.90 

N. D. = not detected.  
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5.3.4. Glyphosate effects on oenological chemical parameters 

 

One-way ANOVA was conducted to determine the effect of glyphosate addition on PNC (Table 49) and 

PNVE (Table 50) wine oenological parameters.  Besides ethanol content in PNVE wines, differences in 

the other basic oenological parameters among the ferments were not statistically significant. This 

indicated the inoculation and the herbicide addition did not play an important role in influencing sugar 

content, pH and TA of the wines 
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Table 49: Average values and standard deviations for post-fermentation analysis of PNC wines (n = 3) 

No. Sample group Ethanol  

(% v/v) 

pH Titratable acidity 

(g L-1) 

Reducing sugars  

(g L-1) 

1 PNC 1-a (uninoculated, control) 12.32 ± 2.67 3.4 ± 0.1 8.67 ± 0.92 0.034 ± 0.014 

2 PNC 1-b (uninoculated, glyphosate 10 ppb) 13.59 ± 0.86 3.4 ± 0.1 7.94 ± 0.35 0.066 ± 0.018 

3 PNC 1-c (uninoculated, glyphosate 1 ppm) 12.70 ± 1.37 3.4 ± 0.1 8.57 ± 0.44 0.033 ± 0.011 

4 PNC 2-a (RC212 inoculated, control) 12.21 ± 3.01 3.5 ± 0.1 7.61 ± 0.90 0.048 ± 0.026 

5 PNC 2-b (RC212 inoculated, glyphosate 10 ppb) 11.85 ± 0.95 3.4 ± 0.1 8.06 ± 0.08 0.031 ± 0.010 

6 PNC 2-c (RC212 inoculated, glyphosate 1 ppm) 14.73 ± 0.33 3.5 ± 0.1 7.44 ± 0.16 0.074 ± 0.013 
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Table 50: Average values and standard deviations for basic oenological parameters of PNVE wines (n = 3) 

No. Sample group Ethanol 
(% v/v) 

pH TA 
(g L-1) 

D-glucose 
(g L-1) 

D-fructose 
(g L-1) 

Reducing sugars 
(g L-1) 

1 PNVE 1-a (uninoculated, control) 6.24 ± 3.95 ab 2.9 ± 0.1 8.07 ± 1.75   > 0.800 

2 PNVE 1-b (uninoculated, glyphosate 1 ppb) 5.42 ± 4.31 a 2.9 ± 0.1 8.19 ± 1.97   > 0.800 

3 PNVE 1-c (uninoculated, glyphosate 10 ppb) 7.96 ± 2.94 ab 2.8 ± 0.1 9.02 ± 0.62   > 0.800 

4 PNVE 1-d (uninoculated, glyphosate 1 ppm) 4.81 ± 3.77 a 2.9 ± 0.1 7.50 ± 1.80   > 0.800 

5 PNVE 2-a (R71 inoculated, control) 14.85 ± 0.07 b 2.9 ± 0.1 8.04 ± 0.08 0.044 ± 0.007 0.178 ± 0.064 0.222 ± 0.071 

6 PNVE 2-b (R71 inoculated, glyphosate 1 ppb) 14.72 ± 0.19 b 2.9 ± 0.1 7.76 ± 0.34 0.037 ± 0.008 0.137 ± 0.108 0.175 ± 0.115 

7 PNVE 2-c (R71 inoculated, glyphosate 10 ppb) 14.49 ± 0.31 b 2.9 ± 0.1 7.64 ± 0.18 0.036 ± 0.011 0.068 ± 0.077 0.104 ± 0.080 

8 PNVE 2-d (R71 inoculated, glyphosate 1 ppm) 14.66 ± 0.32 b 2.9 ± 0.1 7.72 ± 0.21 0.043 ± 0.005 0.144 ± 0.116 0.187 ± 0.116 

9 PNVE 3-a (So.Delight inoculated, control) 14.72 ± 0.08 b 2.9 ± 0.1 7.66 ± 0.32 0.028 ± 0.006 0.039 ± 0.048 0.066 ± 0.052 

10 PNVE 3-b (So.Delight inoculated, glyphosate 1 ppb) 14.81 ± 0.04 b 2.9 ± 0.1 7.78 ± 0.03 0.033 ± 0.008 0.114 ± 0.049 0.147 ± 0.056 

11 PNVE 3-c (So.Delight inoculated, glyphosate 10 ppb) 14.64 ± 0.36 b 2.9 ± 0.1 7.80 ± 0.26 0.031 ± 0.002 0.039 ± 0.035 0.070 ± 0.036 

12 PNVE 3-d (So.Delight inoculated, glyphosate 1ppm) 14.38 ± 0.24 b 2.9 ± 0.1 7.49 ± 0.38 0.027 ± 0.007 0.057 ± 0.078 0.084 ± 0.083 

13 PNVE 4-a (BRG YSEO inoculated, control) 14.92 ± 0.16 b 2.9 ± 0.1 7.84 ± 0.13 0.030 ± 0.012 0.029 ± 0.005 0.058 ± 0.013 

14 PNVE 4-b (BRG YSEO inoculated, glyphosate 1 ppb) 14.87 ± 0.07 b 2.9 ± 0.1 7.96 ± 0.46 0.030 ± 0.002 0.085 ± 0.090 0.116 ± 0.092 

15 PNVE 4-c (BRG YSEO inoculated, glyphosate 10 ppb) 14.75 ± 0.25 b 2.9 ± 0.1 7.89 ± 0.19 0.029 ± 0.008 0.034 ± 0.026 0.063 ± 0.029 

16 PNVE 4-d (BRG YSEO inoculated, glyphosate 1 ppm) 14.91 ± 0.13 b 2.9 ± 0.1 8.13 ± 0.33 0.031 ± 0.004 0.055 ± 0.052 0.086 ± 0.056 

TA: titratable acidity; Letters denote significant differences as indicated by Tukey’s honestly significant difference (p-value < 0.05). The linear range of the reducing sugar 

concentrations was between 0.040 and 0.800 g L-1.  
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PNC wines: The alcohol content in wine is important because it plays a part in microbial activity, grape 

constituent extraction, wine properties, and preservation [5, 510]. The concentration of alcohol is usually 

up to approximately 14–15 % [5], which is measured for legal requirements and marked on wine bottles 

[409]. The alcohol content for the fermented PNC wines in this study varied from 11.85 % to 14.73 % 

v/v. The 2-c group (RC212 inoculated, glyphosate 1 ppm) recorded the highest alcohol content (14.73 

± 0.33 % v/v) (Table 49), which was much higher than the other five treatment groups. The accumulation 

of ethanol during the fermentation by yeasts has been shown to impact fermentation rate [462, 463]. 

Therefore, the high alcohol content of the 2-c group wines could explain why the fermentation of the 2-

c group finished three days earlier than other treatment groups. Glucose and fructose are the main 

sugars in grape juice during wine fermentation, and sugars in grapes are converted by yeasts to ethanol 

and carbon dioxide [5]. The concentrations of the total reducing sugars of all PNC wines were less than 

0.1 g L-1. The acidity of wine impacts its appearance and the stability of microbes and chemicals [411] 

and the pH of wine tends to ranges between 2.8 and 4.2 [409]. TA is the concentration of total titratable 

hydrogen ions (both free and bound) from all available acids present in the wine, such as tartaric, malic, 

lactic, acetic, and citric acids [409].  The average pH of PNC wines was 3.4 ± 0.0. 

 

PNVE wines: Within the PNVE sample set, there were statistically significant differences for the ethanol 

concentration (p-value < 0.05). The Tukey’s HSD results showed that these significant differences were 

between the uninoculated and inoculated PNVE sample groups. This was because most of the 

uninoculated PNVE ferments were unevenly stuck, which is mentioned in Section 5.3.2.2. The alcohol 

concentrations for the inoculated PNVE wines were consistently between 14.38 and 14.92 % v/v (Table 

50), suggesting glyphosate did not affect the production of ethanol during the three S. cerevisiae strain 

fermentations, which was also observed by Braconi et al. in 2006 [429]. The total reducing sugar content 

of the inoculated PNVE wines was no more than 0.3 g L-1, while for all uninoculated PNVE samples, it 

was higher than 0.800 g L-1. The average pH of the PNVE wines was 2.9 ± 0.0. 

 

5.3.5. Primary and secondary metabolite analysis in the finished 

wines 

 

Eighty-two compounds in total were analysed after fermentation in the PNC wines. Most of the 

metabolites (around 91 %) were found in the PNC samples. However, two volatile thiols (3SH and 

3SHA) and five polyphenols (rutin, p-coumaric acid, ferulic acid, t-resveratrol, and (-)-epicatechin) were 

not detected in the finished wines; catechin was only detected in some PNC samples. Thiols are usually 

not the major compounds in Pinot noir wine, and the lack of grape skins and seeds in the PNC ferments 

could be a reason for the undetected phenolics. As a result, thiols and phenolics were not analysed in 

the subsequent fermented PNVE samples, leaving 69 compounds in total to be analysed after PNVE 

fermentation, including amino acids, thiol precursors, and aroma compounds. All of these metabolites 

were detected in the inoculated PNVE samples. Except for hexyl acetate and α-ionone, the other 67 

metabolites were detected in the uninoculated PNVE samples. All these data from PNC and PNVE 

wines were analysed separately using PCA (score plots shown in Figure 44, and loading plots shown 
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in Figure 50 in the Appendix), and around 63 % and 74 % of the variability were described by the first 

two principal components, respectively. This variability indicates that PCA was appropriate and 

applicable to this data set to capture and explain the variation in the data.  
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Figure 44: Score plots of PNC (left) and PNVE (right) wines conducted by principal component analysis. Each colouring represents the wine samples from each juice fermented 

by each yeast strain. 
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In the left PC1 (37.8 %) versus PC2 (25.2 %) plot of Figure 44, the RC212 inoculated (PNC 2, green 

colouring) and uninoculated (PNC 1, red colouring) PNC wines were separated into two clusters. Also, 

there was good separation in the right PC1 (60.5 %) versus PC2 (14 %) plot between the uninoculated 

group (PNVE 1, red colouring) and the inoculated sample groups (PNVE 2 with green colouring, 3 with 

dark blue colouring, and 4 with light blue colouring), although the variability in the uninoculated group 

was large compared with that of the inoculated sample groups. The variability of the uninoculated PNVE 

group indicates the uninoculated samples were unevenly contaminated and fermented by wild yeast 

strains of the nutrient additions, which is supported by the fermentation kinetics results. Furthermore, 

the inoculated PNVE sample groups clustered individually. Therefore, four main PNVE clusters 

appeared on the scores plots, even though the inoculated sample clusters partially overlaid with each 

other. The clear clusters of PNC and PNVE samples suggested that the yeast strains participating in 

the wine fermentation played a significant role in the targeted metabolites of the finished wines [511, 

512]. Therefore, based on each juice source and each yeast strain, metabolites that were significantly 

different between glyphosate levels were identified by ANOVA and Tukey's HSD, including esters, 

higher alcohols, monoterpenes, C13-norisoprenoids, and amino acids. The effects of glyphosate 

additions on these identified metabolites are discussed in the following sections. 

 

5.3.5.1. Amino acids that were significantly different between 
glyphosate additions in the finished wines 

 

Three amino acids (alanine, glutamic acid, and glutamine) were present at concentrations significantly 

different between the glyphosate additions in the uninoculated PNC wines, and nine amino acids 

(tyrosine, isoleucine, phenylalanine, lysine, valine, leucine, serine, aspartic acid, and methionine) in the 

RC212 inoculated PNC wines (Table 51). The differences mainly arise between the control (1-a, and 2-

a) and high concentration glyphosate (1 ppm, 1-c, and 2-c) groups, showing the concentrations of the 

identified amino acids decreased in the high 1 ppm glyphosate group. It could be hypothesised that the 

high concentration glyphosate (1 ppm) was associated with the low amino acid concentrations in PNC 

ferments, regardless of inoculation [90, 225, 226]. This could be because the high concentration 

glyphosate played a role in the yeast metabolism during the fermentation. Amino acids are an essential 

nutrient for yeast metabolism during the winemaking process [223, 224]. Also, they are either direct or 

indirect precursors to different groups of aroma compounds in wine [225, 229, 233-237], such as esters, 

higher alcohols, aldehydes, and keto acids [419], through a series of biological and chemical 

transformations [225, 229, 233-238]. For example, Hernández-Orte et al. showed that methionine and 

phenylalanine are strongly related to the production of methionol and β-phenyl ethanol, respectively. 

The same authors also found a connection between threonine and serine and some by-products of fatty 

acids [116]. A previous study reported the contribution of several amino acids, including glutamate, 

glutamine, and GABA, to the development of varietal thiols in Sauvignon blanc [131].  
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Table 51: Amino acids of PNC wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNC 1-a 
(Uninoculated, 

control) 

PNC 1-b 
(Uninoculated, 

glyphosate 10 ppb) 

PNC 1-c 
(Uninoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

alanine (mg L-1) 34.8 ± 2.5 a 38.0 ± 2.5 a 28.92 ± 1.34 b 27.884 8.85E-06 0.000655 

glutamic acid (mg L-1) 25.8 ± 2.8 a 28.8 ± 2.2 a 21.43 ± 1.94 b 15.263 0.000242 0.001989 

glutamine (mg L-1) 46.6 ± 10.0 a 57.0 ± 8.0 a 35.14 ± 4.13 b 12.91 0.000548 0.003122 

       

Compound PNC 2-a 
(RC212 inoculated, 

control) 

PNC 2-b 
(RC212 inoculated,  
glyphosate 10 ppb) 

PNC 2-c 
(RC212 inoculated,  
glyphosate 1 ppm) 

f.value p.value FDR 

tyrosine (mg L-1) 9.07 ± 1.14 a 8.52 ± 0.32 a 6.12 ± 0.81 b 22.445 3.09E-05 0.000363 

isoleucine (mg L-1) 4.61 ± 0.52 a 4.68 ± 0.22 a 3.27 ± 0.47 b 21.214 4.24E-05 0.000363 

phenylalanine (mg L-1) 16.1 ± 0.9 a 16.0 ± 1.0 a 12.6 ± 1.5 b 16.23 0.000177 0.000965 

lysine (mg L-1) 28.4 ± 1.5 a 28.5 ± 1.3 a 23.5 ± 2.1 b 16.135 0.000182 0.000965 

valine (mg L-1) 6.62 ± 0.62 a 6.14 ± 0.32 a 4.78 ± 0.82 b 13.953 0.000377 0.001643 

leucine (mg L-1) 23.6 ± 1.4 a 23.7 ± 2.0 a 18.6 ± 3.0 b 9.9768 0.001756 0.004998 

serine (mg L-1) 9.32 ± 0.64 a 9.15 ± 0.33 a 7.66 ± 1.09 b 8.9489 0.002767 0.007582 

aspartic acid (mg L-1) 13.5 ± 0.7 a 12.9 ± 0.8 ab 11.6 ± 1.1 b 6.3244 0.010189 0.020943 

methionine (mg L-1) 4.57 ± 0.36 a 4.62 ± 0.39 a 3.83 ± 0.61 b 5.5828 0.015407 0.029233 
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Table 52 shows the significantly different concentrations of amino acids found in inoculated PNVE 

wines. Seventeen amino acids were identified in the BRG YSEO inoculated wines (PNVE 4), whereas 

no such compound was found significantly different between the glyphosate additions in R71 (PNVE 2) 

and So.Delight (PNVE 3) inoculated wines. All the identified amino acids in the BRG YSEO inoculated 

PNVE wines were different between the control and the low concentration glyphosate group (1 ppb). 

The concentrations of the remaining amino acids in the 1 ppb glyphosate group were lower than those 

in the control. However, different from the results of the PNC wines, the differences between the control 

and the high concentration glyphosate group (1 ppm) were not statistically significant, indicating the 

effect of glyphosate on amino acid consumption of yeast strain may be based on the different Pinot noir 

juice compositions, fermentation temperatures, and yeast strains [221].  
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Table 52: Amino acids of PNVE wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNVE 4-a 
(BRG YSEO inoculated, 

control) 

PNVE 4-b 
(BRG YSEO inoculated, 

glyphosate 1 ppb) 

PNVE 4-c 
(BRG YSEO inoculated, 

glyphosate 10 ppb) 

PNVE 4-d 
(BRG YSEO inoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

glutamic acid (mg L-1) 8.88 ± 0.56 a 15.8 ± 2.5 b 23.2 ± 3.7 b 11.8 ± 2.3 ab 8.6191 0.000715 0.006746 

tyrosine (mg L-1) 4.95 ± 2.58 a 1.13 ± 0.33 b 3.41 ± 2.04 ab 1.81 ± 1.07 b 7.0361 0.002052 0.013542 

glutamine (mg L-1) 18.8 ± 2.7 a 32.7 ± 5.6 b 45.1 ± 27.8 b 23.9 ± 3.5 ab 6.1804 0.003805 0.020381 

threonine (mg L-1) 3.59 ± 1.07 a 1.35 ± 0.35 bc 3.18 ± 1.57 a 1.90 ± 0.90 ac 6.1316 0.003946 0.020381 

aspartic acid (mg L-1) 3.74 ± 1.17 a 0.99 ± 0.21 bc 3.38 ± 1.99 a 1.85 ± 1.34 ac 5.9281 0.004598 0.020381 

histidine (mg L-1) 3.87 ± 1.28 a 1.79 ± 0.38 b 3.71 ± 1.55 ac 2.11 ± 0.84 bc 5.7589 0.00523 0.020381 

valine (mg L-1) 2.19 ± 0.78 a 0.41 ± 0.15 b 1.70 ± 1.25 ab 0.86 ± 0.78 b 5.7395 0.005308 0.020381 

methionine (mg L-1) 1.82 ± 0.56 a 0.35 ± 0.12 b 1.44 ± 0.99 ab 0.78 ± 0.70 ab 5.6796 0.005558 0.020381 

lysine (mg L-1) 4.26 ± 2.03 a 1.13 ± 0.24 bc 3.79 ± 2.39 a 1.98 ± 1.29 ac 5.4127 0.006842 0.022584 

isoleucine (mg L-1) 2.00 ± 0.67 a 0.32 ± 0.11 b 1.49 ± 1.08 ab 0.84 ± 0.87 ab 5.2916 0.007528 0.022584 

tryptophan (mg L-1) 0.54 ± 0.10 a 0.25 ± 0.05 b 0.45 ± 0.22 ab 0.32 ± 0.15 ab 5.1286 0.008574 0.024602 

leucine (mg L-1) 8.91 ± 1.85 a 1.92 ± 0.59 b 7.17 ± 4.99 ab 4.41 ± 4.17 ab 5.0015 0.009499 0.026122 

phenylalanine (mg L-1) 6.87 ± 1.50 a 1.84 ± 0.60 b 6.10 ± 4.02 ab 3.47 ± 2.83 ab 4.9304 0.010064 0.026568 

glycine (mg L-1) 2.78 ± 1.44 a 1.20 ± 0.11 bc 2.73 ± 1.32 a 1.51 ± 0.45 ac 4.5891 0.013338 0.031441 

alanine (mg L-1) 14.0 ± 0.3 a 7.77 ± 1.66 b 12.0 ± 4.3 ab 9.29 ± 3.99 ab 4.324 0.016685 0.036336 

arginine (mg L-1) 10.7 ± 3.5 a 4.92 ± 1.11 b 10.0 ± 5.2 ab 6.01 ± 2.63 ab 4.2975 0.017067 0.036336 

serine (mg L-1) 4.02 ± 1.50 a 1.91 ± 0.42 b 3.97 ± 2.25 ab 2.37 ± 0.87 ab 4.1287 0.019736 0.040706 
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Arginine is one of the most abundant yeast assimilable amino acids in grape juice and is closely related 

to the levels of ethyl carbamate (EC), also known as urethane, in wine [240]. Via the urea-circle 

pathway, arginine is degraded to urea and ornithine by the yeast enzyme arginase (Figure 45) [513]. 

Urea is assimilated by the yeast cells, but some urea is released into the fermentation medium under 

excess arginine in the juice. Accumulated urea in the medium can spontaneously react with ethanol to 

form EC [214]. Citrulline is the second significant precursor of EC, also formed from arginine via the 

arginine deiminase pathway by malolactic bacteria [240]. Both urea and citrulline accumulation in the 

fermentation medium mainly depends on the arginine level and the type of microorganism. EC is 

classified as a possible human carcinogen [242]. Since the arginine levels were lower in the 1 ppb 

glyphosate group (PNVE 4-b), further investigations are required to identify the consequences of EC 

production in wine. 

 

 
Figure 45: Bioprocess of ethyl carbamate formation from arginine during wine fermentation [513] 

 

5.3.5.2. Esters that were significantly different between glyphosate 
additions in the finished wines 

 

Acetate esters are usually products of acetic acid and higher alcohols, and ethyl esters are produced 

from ethanol, fatty acids, and non-volatile organic acids during fermentation [5]. The main synthesis site 

of esters is inside yeast cells, and the resulting products transfer into the wine through the cell 

membrane [5]. No esters were found at concentrations significantly different between uninoculated PNC 

wines produced with different glyphosate levels. In Table 53, six esters were found significantly different 

in RC212 inoculated PNC juices, including three acetate esters (vinous note) and three ethyl esters 

(fruity note) [5]. Tukey’s HSD results show all were different between the 2-a (control) and 2-c 

(glyphosate 1 ppm) groups. Furthermore, five out of the six esters had higher concentrations in the 2-c 

group. This result suggested the high concentration glyphosate additions (1 ppm) might be associated 

with a positive effect on the RC212 yeast metabolism in PNC ferments because esters are by-products 

of yeast activity during wine fermentation [514].  
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Table 53: Esters of PNC wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNC 2-a 
(RC212 inoculated, 

control) 

PNC 2-b 
(RC212 inoculated, 
glyphosate 10 ppb) 

PNC 2-c 
(RC212 inoculated, 
glyphosate 1 ppm) 

f.value p.value FDR 

ethyl decanoate (µg L-1) 10.3 ± 5.9 a 10.1 ±1.3 a 0.28 ± 0.15 b 51.295 1.96E-07 1.45E-05 

isoamyl acetate (µg L-1) 240 ± 174 a 113 ± 27 a 940 ± 387 b 30.375 5.31E-06 0.000103 

cis-3-hexenyl acetate (µg L-1) 0.11 ± 0.05 a 0.06 ± 0.00 a 0.25 ± 0.09 b 25.185 1.60E-05 0.000237 

hexyl acetate (µg L-1) 7.33 ± 6.88 a 2.03 ± 0.38 a 22.0 ± 7.6 b 21.891 3.56E-05 0.000363 

ethyl butanoate (µg L-1) 137 ± 38 a 37.3 ± 5.6 a 312 ± 54 b 16.574 0.000159 0.000965 

ethyl hexanoate (µg L-1) 105 ± 56 a 57.2 ± 9.9 a 160 ± 18 b 12.013 0.000768 0.002843 
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Although the concentrations of the five esters (isoamyl acetate, cis-3-hexenyl acetate, hexyl acetate, 

ethyl butanoate, and ethyl hexanoate) were higher in the 2-c wines, ethyl decanoate, the ester with the 

lowest p-value in the RC212 inoculated PNC wines, did not follow this trend. Figure 46 visualises the 

concentrations of ethyl decanoate in the RC212 inoculated PNC wines. The median value of the 2-a 

sample group (control) is slightly higher than that of the 2-b group (glyphosate 10 ppb). The median 

value of the 2-c group (glyphosate 1 ppm) was much lower than the median values of the others. These 

concentrations indicated ethyl decanoate was negatively correlated with glyphosate in the RC212 

inoculated PNC samples. Ethyl decanoate concentration is related to the yeast strain, and fermentation 

temperature [515], and can play a role in the wine aroma, with flavours such as black cherry, jam, and 

smokiness [516]. Ethyl decanoate has also been reported to contribute to the discrimination of grape-

growing regions [517].  

 

 

Figure 46: The boxplots of ethyl decanoate of RC212 inoculated PNC wines (2-a: control; 2-b: 10 ppb glyphosate 

spiked; 2-c: 1 ppm glyphosate spiked) 

 

Table 54 shows that seven esters were detected at concentrations significantly different in the R71 

inoculated PNVE wines (PNVE 2). Among them, ethyl hexanoate (pineapple, apple peel, and fruity 

notes [131]) shows the lowest p-value in R71 inoculated PNVE wines. However, no esters were found 

at a concentration significantly different to those in the other inoculated PNVE wines.  
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Table 54: Esters of PNVE wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNVE 2-a 
(R71 inoculated, 

control) 

PNVE 2-b 
(R71 inoculated, 
glyphosate 1 ppb) 

PNVE 2-c 
(R71 inoculated, 

glyphosate 10 ppb) 

PNVE 2-d 
(R71 inoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

ethyl hexanoate (µg L-1) 418 ± 47 a 387 ± 36 a 234 ± 42 b 249 ± 29 b 31.416 9.17E-08 6.24E-06 

isobutyl acetate (µg L-1) 59.1 ± 8.7 a 54.5 ± 5.9 a 35.9 ± 7.9 b 35.0 ± 5.7 b 16.644 1.17E-05 0.000216 

ethyl butanoate (µg L-1) 482 ± 65 a 445 ± 80 a 262 ± 58 b 267 ± 58 b 16.437 1.27E-05 0.000216 

cis-3-hexenyl acetate (µg L-1) 0.18 ± 0.04 a 0.15 ± 0.02 a 0.08 ± 0.02 b 0.10 ± 0.02 b 14.639 2.82E-05 0.000383 

isoamyl acetate (mg L-1) 3.83 ± 0.66 a 3.12 ± 0.84 ac 1.81 ± 0.75 b 1.90 ± 0.65 bc 8.5754 0.000736 0.006252 

ethyl octanoate (µg L-1) 761 ± 65 a 673 ± 126 ac 452 ± 136 b 498 ± 132 bc 7.7088 0.001294 0.009778 

hexyl acetate (µg L-1) 39.8 ± 6.1 a 31.4 ± 11.0 ab 17.3 ± 9.7 b 21.0 ± 9.5 b 5.6539 0.00567 0.038554 
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Furthermore, some esters were found significantly different between the glyphosate additions in R71 

inoculated PNVE wines (isobutyl acetate and ethyl octanoate) and in RC212 inoculated wines (ethyl 

decanoate), respectively. Opposite to the dominant trend of the identified esters found in RC212 

inoculated PNC wines, the concentrations of the identified esters were lower in the PNVE 2-c and 2-d 

sample groups treated with high glyphosate concentrations (10 ppb and 1 ppm), suggesting a negative 

effect of glyphosate on the R71 yeast metabolism. These results indicated that the glyphosate effects 

were different for each yeast strain [462]. The DMDC sterilisation of PNVE juice could be another reason 

for the differences as several non-Saccharomyces wine yeast strains contribute to the ester formation 

[419]. For example, Rojas et al. found that Spanish Bobal must fermentation by wild yeasts 

(Hanseniaspora guilliermondii and Pichia anomala) and S. cerevisiae produced higher acetate ester 

concentrations than fermentation by S. cerevisiae alone [518].  

 

Lastly, ethyl acetate is an important acetate ester and contributes fruity and solvent-like notes [419]. 

Ethyl acetate was the highest concentration ester found in both PNC and PNVE data sets. It was also 

reported by Dimitrov and Prodanova-Marinova as the dominant ester in Bulgarian Cabernet Sauvignon 

wine for grapes treated with glyphosate and other herbicides in the vineyard [362]. However, ethyl 

acetate did not show a significant difference in concentration between wines produced with juice 

containing different glyphosate levels in this study. The acetate ester biosynthesis by yeast strains is 

catalysed by a number of alcohol acetyltransferases, which use alcohols and acetyl-CoA as substrates 

[199, 519].  

 

5.3.5.3. Higher alcohols that were significantly different between 
glyphosate additions in the finished wines 

 

In this study, four higher alcohols in total were found to be present at concentrations significantly 

different between the glyphosate additions in PNC wines (Table 55) and So.Delight inoculated PNVE 

wines (Table 56). No consistent concentration trend can be observed regarding the glyphosate effects 

on these higher alcohols, indicating the effects of glyphosate on the assimilation of the amino acid by 

yeasts are complicated [520]. This is because higher alcohols are produced by the conversion of amino 

acids during fermentation [199, 203, 204]. The different identified higher alcohols between PNC and 

PNVE wines and their different concentration trends between glyphosate levels may result from wine 

yeast strains [421, 422], non-Saccharomyces yeasts [423], and amino acid concentrations in the PNC 

and PNVE juices [203, 419]. Higher alcohols have both positive and negative influences on the aroma 

and flavour of wine according to their concentrations [419]. When the concentration of these substances 

is less than 300 mg L-1, they can favourably increase the wine complexity and body [205]. However, 

they often produce unpleasant odours at high concentrations exceeding 400 mg L-1 [199, 420]. 

Therefore, the glyphosate levels in the ferments may have an indirect impact on the wine flavour. 
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Table 55: Higher alcohols and aldehydes of PNC wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNC 1-a 
(Uninoculated, 

control) 

PNC 1-b 
(Uninoculated, 

glyphosate 10 ppb) 

PNC 1-c 
(Uninoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

methionol (mg L-1) 2.30 ± 0.48 a 0.91 ± 0.07 b 1.32 ± 0.47 b 20.231 5.51E-05 0.000815 

phenylethyl alcohol (mg L-1) 46.0 ± 4.0 a 38.9 ± 2.6 b 51.5 ± 5.3 a 14.354 0.000328 0.002026 

       

Compound PNC 2-a 
(RC212 inoculated, 

control) 

PNC 2-b 
(RC212 inoculated, 
glyphosate 10 ppb) 

PNC 2-c 
(RC212 inoculated, 
glyphosate 1 ppm) 

f.value p.value FDR 

methionol (µg L-1) 385 ± 82 a 233 ± 15 b 519 ± 94 c 30.124 5.58E-06 0.000103 

 

Table 56: Higher alcohols and aldehydes of PNVE wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNVE 3-a 
(So.Delight inoculated, 

control) 

PNVE 3-b 
(So.Delight inoculated, 

glyphosate 1 ppb) 

PNVE 3-c 
(So.Delight inoculated, 

glyphosate 10 ppb) 

PNVE 3-d 
(So.Delight inoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

isoamylalcohol (mg L-1) 562 ± 101 a 370 ± 37 b 453 ± 108 ab 439 ± 80 ab 4.6854 0.012309 0.044703 
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5.3.5.4. Monoterpenes and C13-norisoprenoids that were 
significantly different between glyphosate additions in the 
finished wines 

 

Monoterpenes are important varietal [462] aroma compounds [521] in herbaceous, fruity [5], and floral 

[521] wines, which often present in a complex combination in wine [190]. Besides the free fraction of 

volatile monoterpenes in grapes, naturally non-odorous and non-volatile precursors are another potent 

source [419]. Precursors of monoterpene compounds are typically formed during the ripening period of 

grapes, mainly in the form of glycosides in berries [522] and peels [5, 523]. Terpenols, such as linalool, 

nerol, geraniol, α-terpineol, and citronellol, act as aglycone moieties of the precursor glucoside, linked 

to β-D-glucose or disaccharides [524, 525]. In addition, C13-norisoprenoids are commonly found in wine. 

These substances have a low olfactory threshold [192, 193] and are very important for the quality of 

aromatic wine. Examples of C13-norisoprenoids and their odour characteristics and thresholds are α-

ionone (floral note, 2.6 µg L-1 [131, 193]), β-ionone (violet flavour, 0.09 µg L-1 [193]), and β-

damascenone (rose note, 0.05 µg L-1 [131, 192, 193]). Similar to monoterpenes, many fermentative 

C13-norisoprenoids have varietal and regional features [521] and present in the form of non-volatile 

glycoside precursors in grape berries [195], typically including glucose, rhamnose, and arabinose 

moieties [5]. These precursors can release monoterpenes and C13-norisoprenoids through either 

chemical or enzymatical hydrolysis [177, 326-330] by bacterial [526, 527] or yeast derived enzymes 

[528-531].  

 

In this study, a few monoterpenes and C13-norisoprenoids were found to be significantly different in the 

inoculated PNVE wines (Table 57). The glyphosate additions, in particular the high concentration of 

glyphosate (1 ppm), were associated with the high concentrations of the identified compounds in the 

inoculated PNVE wines, suggesting glyphosate may have a positive effect on the glycosidase enzyme 

activity in the inoculated PNVE wines. Interestingly, Dimitrov and Prodanova-Marinova found that the 

concentration of geraniol in Bulgarian Cabernet Sauvignon wine treated with glyphosate in the vineyard 

was around three times higher than that of the control [362]. This result further emphasises the 

glyphosate application can cause favourable conditions for geraniol metabolism in the grapevine that 

transferred into the final wine [532]. The same increase of terpenoids was also found by Olivia et al. in 

Monastrell red wines treated with fungicides, with the effect potentially related to glycosidase activity 

[533].  
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Table 57: Terpenes and C13-norisoprenoids of PNVE wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNVE 2-a 
(R71 inoculated, 

control) 

PNVE 2-b 
(R71 inoculated, 
glyphosate 1 ppb) 

PNVE 2-c 
(R71 inoculated, 

glyphosate 10 ppb) 

PNVE 2-d 
(R71 inoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

α-terpineol (µg L-1) 0.73 ± 0.08 a 1.01 ± 0.06 b 0.79 ± 0.15 ab 1.09 ± 0.32 b 5.305 0.007449 0.046046 

        

Compound PNVE 3-a 
(So.Delight inoculated, 

control) 

PNVE 3-b 
(So.Delight inoculated, 

glyphosate 1 ppb) 

PNVE 3-c 
(So.Delight inoculated, 

glyphosate 10 ppb) 

PNVE 3-d 
(So.Delight inoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

β-damascenone (µg L-1) 0.77 ± 0.28 a 1.38 ± 0.17 b 0.91 ± 0.02 ac 1.10 ± 0.27 bc 8.1078 0.000994 0.017408 

        

Compound PNVE 4-a 
(BRG YSEO inoculated, 

control) 

PNVE 4-b 
(BRG YSEO inoculated, 

glyphosate 1 ppb) 

PNVE 4-c 
(BRG YSEO inoculated, 

glyphosate 10 ppb) 

PNVE 4-d 
(BRG YSEO inoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

α-terpineol (µg L-1) 0.63 ± 0.09 a 0.89 ± 0.11 b 1.10 ± 0.13 c 1.05 ± 0.12 bc 22.805 1.16E-06 3.82E-05 

β-damascenone (µg L-1) 0.56 ± 0.08 a 1.42 ± 0.69 b 1.26 ± 0.24 b 1.79 ± 0.44 b 17.97 6.76E-06 0.000149 

β-citronellol (ng L-1) 95.7 ± 16.8 a 143 ± 30 bc 121 ± 39 ac 190 ± 37 b 8.3401 0.000855 0.007053 
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On the contrary, the glyphosate addition at a high concentration (1 ppm) was associated with the low 

concentrations of the identified compounds in PNC wines (Table 58). The inconsistent results between 

PNVE and PNC wines could be due to the lack of DMDC sterilisation in PNC ferments. This is because 

the precursors can be hydrolysed by bacteria [526, 527], endogenous grape-derived glycosidases [531] 

and exogenous yeast-derived glycosidases [528-530] during fermentation, and they have different 

enzymatic hydrolysis efficiencies of terpenyl β-D-glucosides [419]. In this study, the PNVE juice was 

sterilised with DMDC, so the bound precursors could be mainly hydrolysed by the spiked commercial 

yeast strains during the fermentation. However, the PNC juice was not sterilised, so the bound 

precursors could be hydrolysed by the bacteria and yeast strains present in the PNC juice [419]. 
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Table 58: Terpenes and C13-norisoprenoids of PNC wines grouped by each yeast strain and identified by the analysis of variance and Tukey's honestly significant difference 

Compound PNC 1-a 
(Uninoculated, 

control) 

PNC 1-b 
(Uninoculated, 

glyphosate 10 ppb) 

PNC 1-c 
(Uninoculated, 

glyphosate 1 ppm) 

f.value p.value FDR 

β-damascenone (µg L-1) 2.96 ± 1.06 a 2.89 ± 0.30 a 1.82 ± 0.18 b 8.9262 0.002795 0.01379 

       

Compound PNC 2-a 
(RC212 inoculated, 

control) 

PNC 2-b 
(RC212 inoculated, 
glyphosate 10 ppb) 

PNC 2-c 
(RC212 inoculated, 
glyphosate 1 ppm) 

f.value p.value FDR 

α-terpineol (µg L-1) 1.17 ± 0.15 a 1.25 ± 0.05 a 0.89 ± 0.12 b 15.453 0.000227 0.001052 

α-ionone (ng L-1) 22.7 ± 4.2 a 21.2 ± 5.5 a 13.2 ± 1.3 b 12.585 0.000619 0.002544 

β-citronellol (µg L-1) 8.53 ± 3.79 a 8.95 ± 1.64 a 3.83 ± 0.36 b 11.714 0.000863 0.00304 

linalool (µg L-1) 18.0 ± 2.3 a 18.3 ± 1.8 a 14.6 ± 0.6 b 8.521 0.003371 0.008804 
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5.3.5.5. Polyphenols and wine colour 
 

Phenolic compounds affect wine colour and sensory characteristics [534]. They have antioxidant and 

bactericidal effects in wine [535-539] and are thought to be beneficial to human health [540]. In 2016, 

Donnini et al. studied the impacts of glyphosate on Italian cv. Ancellotta, which is a red variety rich in 

anthocyanins [541, 542] and is mainly used as a secondary colour-booster grape to enhance the red 

colour of Lambrusco wines [115]. When the grapes were treated using two individual weed 

management regimes of superficial tillage and glyphosate application [477], there were no significant 

differences in anthocyanins, other flavonoids, nor phenolic acids in the cv. Ancellotta wines. In addition, 

Dugo et al. reported that the use in vineyards of a few other pesticides (quinoxyfen, fenarimol, 

azoxystrobin, penconazole, wettable sulfur, dinocap, and powdered sulfur) did not correlate with the 

concentration of phenolic substances in Italian Sangiovese/Morellino, Fiano, Inzolia, and Carricante 

wines [543]. In accordance with these findings, the current study also found that no polyphenols 

between glyphosate levels were present at significantly different concentrations in PNC and PNVE 

wines, regardless of inoculation.  

 

Furthermore, colour analysis was carried out in the PNVE wines to determine if the glyphosate addition 

caused any differences. All finished PNVE wines showed colour density values less than 6 in Table 59 

[409]. The lack of grape skins, stems, and seeds in PNVE ferments could be one reason for this, as 

they are the primary sources of phenolic compounds. Significant colour differences were only shown 

between the uninoculated and inoculated PNVE samples, and the colour differences between all 

inoculated PNVE wines were not significant.   



209 
 

Table 59: Average values and standard deviations for colour analysis of PNVE wines (n = 3) 

No. Sample group 𝐴  (AU) 𝐴  (AU) 𝐴  (AU) 𝐴  (AU) Colour Density (AU) Colour Hue (AU) 

1 
PNVE 1-a (uninoculated, 

control) 
0.193 ± 0.034 ac 0.259 ± 0.050 a 0.060 ± 0.029 a 0.357 ± 0.049 ac 0.452 ± 0.018 a 0.787 ± 0.310 

2 
PNVE 1-b (uninoculated, 

glyphosate 1 ppb) 
0.222 ± 0.048 a 0.289 ± 0.063 a 0.104 ± 0.084 ac 0.441 ± 0.144 abd 0.511 ± 0.047 ab 0.811 ± 0.343 

3 
PNVE 1-c (uninoculated, 

glyphosate 10 ppb) 
0.198 ± 0.017 ad 0.312 ± 0.051 a 0.056 ± 0.022 a 0.451 ± 0.048 ab 0.510 ± 0.036 ab 0.652 ± 0.168 

4 
PNVE 1-d (uninoculated, 

glyphosate 1 ppm) 
0.292 ± 0.126 a 0.356 ± 0.070 a 0.125 ± 0.113 ad 0.634 ± 0.241 b 0.648 ± 0.162 b 0.825 ± 0.320 

5 
PNVE 2-a (R71 inoculated, 

control) 
0.105 ± 0.005 b 0.116 ± 0.002 b 0.026 ± 0.007 bc 0.254 ± 0.004 cd 0.222 ± 0.007 c 0.905 ± 0.031 

6 
PNVE 2-b (R71 inoculated, 

glyphosate 1 ppb) 
0.099 ± 0.009 b 0.114 ± 0.010 b 0.020 ± 0.005 b 0.233 ± 0.028 c 0.213 ± 0.018 c 0.868 ± 0.004 

7 
PNVE 2-c (R71 inoculated, 

glyphosate 10 ppb) 
0.103 ± 0.013 b 0.117 ± 0.015 b 0.024 ± 0.007 bc 0.235 ± 0.026 c 0.221 ± 0.027 c 0.883 ± 0.054 

8 
PNVE 2-d (R71 inoculated, 

glyphosate 1 ppm) 
0.111 ± 0.015 b 0.125 ± 0.015 b 0.030 ± 0.012 bcd 0.245 ± 0.036 c 0.236 ± 0.029 c 0.882 ± 0.031 

9 
PNVE 3-a (So.Delight inoculated, 

control) 
0.090 ± 0.007 b 0.106 ± 0.008 b 0.017 ± 0.002 b 0.218 ± 0.024 c 0.196 ± 0.014 c 0.850 ± 0.034 

10 
PNVE 3-b (So.Delight inoculated, 

glyphosate 1 ppb) 
0.114 ± 0.011 bc 0.129 ± 0.012 b 0.036 ± 0.010 bcd 0.260 ± 0.009 cd 0.243 ± 0.023 c 0.886 ± 0.007 

11 
PNVE 3-c (So.Delight inoculated, 

glyphosate 10 ppb) 
0.093 ± 0.012 b 0.113 ± 0.014 b 0.022 ± 0.007 b 0.219 ± 0.037 c 0.205 ± 0.026 c 0.823 ± 0.018 

12 
PNVE 3-d (So.Delight inoculated, 

glyphosate 1ppm) 
0.088 ± 0.016 b 0.094 ± 0.023 b 0.020 ± 0.006 b 0.205 ± 0.030 c 0.182 ± 0.038 c 0.945 ± 0.085 

13 
PNVE 4-a (BRG YSEO inoculated, 

control) 
0.096 ± 0.008 b 0.110 ± 0.004 b 0.021 ± 0.005 b 0.220 ± 0.010 c 0.206 ± 0.009 c 0.879 ± 0.071 

14 
PNVE 4-b (BRG YSEO inoculated, 

glyphosate 1 ppb) 
0.119 ± 0.011 bcd 0.147 ± 0.014 b 0.036 ± 0.006 bcd 0.267 ± 0.021 cd 0.267 ± 0.024 c 0.810 ± 0.023 

15 
PNVE 4-c (BRG YSEO inoculated, 

glyphosate 10 ppb) 
0.103 ± 0.012 b 0.125 ± 0.019 b 0.022 ± 0.003 b 0.228 ± 0.034 c 0.228 ± 0.030 c 0.825 ± 0.041 

16 
PNVE 4-d (BRG YSEO inoculated, 

glyphosate 1 ppm) 
0.110 ± 0.012 b 0.137 ± 0.026 b 0.025 ± 0.005 bc 0.249 ± 0.020 c 0.247 ± 0.038 c 0.809 ± 0.069 

Letters denote significant differences as indicated by Tukey’s honestly significant difference (p-value < 0.05).  
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5.4. Conclusion 

 

This study showed, for the first time, that glyphosate can affect the resulting concentrations of some 

wine primary and secondary metabolites during fermentation. Glyphosate levels did not play a role in 

fermentation kinetic rates, basic oenological parameters, and wine colour. There was no evidence of 

glyphosate degradation in the grape juice matrix during the alcoholic fermentation process. Glyphosate 

levels ‒ particularly a high concentration of glyphosate (1 ppm) ‒ showed significant and different effects 

on the concentrations of amino acids, fermentative esters and higher alcohols, monoterpenes, and C13-

norisoprenoids. Overall, a high concentration of glyphosate (1 ppm) was associated with low amino acid 

concentrations, low monoterpene and C13-norisoprenoid concentrations, but high ester concentrations 

in the RC212 inoculated wines. In contrast, the same concentration of glyphosate (1 ppm) was 

associated with low ester concentrations in the R71 inoculated wines. Furthermore, when glyphosate 

was present in the ferments inoculated with So.Delight or BRG YSEO yeast strains there was an 

increase in the concentrations of monoterpenes and C13-norisoprenoids in the finished wines. 
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Chapter 6. Overall Conclusions for the Experiments 

Undertaken and Future Research Prospects 

 

 

6.1. Conclusions 

 

Demand for wines produced by sustainable practices with a lower chemical footprint is on the rise. 

Accordingly, the wine industry is interested in understanding the impact of vineyard management 

practices on the vineyard ecosystem, juice and wine quality. Viticulture regimes influence the overall 

vineyard ecosystems, including soil composition, vine health and macro/microorganisms, in addition to 

influencing the overall composition of grape juices and resulting wines. The vineyard environment also 

comprises many microbial communities that can naturally be transferred into grape juice. Consequently, 

these microbes can affect the chemical components in the wine during wine fermentation, in particular 

during spontaneous fermentation. The aroma profile is an essential aspect of wine quality and one of 

the factors that ultimately determines its flavour, taste, and value. Therefore, it is important to explore 

the effect of vineyard treatments on the wine after spontaneous fermentation, which was the direct 

inspiration for this Ph.D. project. This project filled knowledge gaps and provided new information 

regarding the connection between viticultural practices, grape composition, and wine chemical profiles. 

 

Amino acids are important functional components in grapes; a simple HILIC-MS/MS analytical method 

has been established in this study to detect and quantify 19 protein α-amino acids in grape juice and 

wine without the need for a derivatisation step. Many other analytical methods have been reported and 

established to measure amino acid concentrations, but involve derivatisation methods and are 

cumbersome and time-consuming. Direct instrumental methods and easy-to-use preparation conditions 

for accurate amino acid analysis, such as the one developed in this study, are sought-after. 

Chromatography conditions and mass spectrometry parameters were optimised, and the most 

abundant product ions of each amino acid were selected to be monitored. Excellent separation was 

achieved using an ammonium formate solution and acetonitrile elution system at pH 3.  

 
Furthermore, this study investigated the effect of two viticultural practices (Contemporary – use of 

synthetic herbicides and Future – mechanical by cultivation or mowing) on the composition of New 

Zealand grape juices and wines, including Sauvignon blanc, Pinot noir, and Merlot. Before alcoholic 

fermentation, 28 key metabolites (C6 compounds, amino acids, and thiol precursors) in the juice 

samples were quantified using GC-MS and LC-MS/MS. SPE was used to extract volatile C6 compounds 

from the juices prior to analysis. Basic oenological parameters of the juice samples were also 

determined. Grape variety was determined to be the most significant factor, followed by vintage year, 

vineyard regime, and finally planting region in the juice metabolite data set. It is essential to highlight 

that approximately 2.5 % of the variation found within the data set can be attributed to the 

implementation of the vineyard regime. The vineyard practice had a noticeable and significant effect; 
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however, it had a lesser impact than the intrinsic factors of variety and vintage. Subsequently, significant 

metabolites between the Contemporary and Future regimes were determined in the juice data subsets. 

The concentrations of these compounds in the Contemporary juices were generally higher than those 

in the Future juices, suggesting a role of the use of herbicides could have in the production and 

accumulation of these metabolites..  

 

In addition to thiol precursors, amino acids, and basic oenological parameters, over 50 key aroma 

compounds were also quantified in the spontaneously fermented wines. Vintage year and variety were 

found to play the most significant roles in influencing the targeted metabolites of the wine. Although the 

vineyard location and management approach contributed a less critical role in the wine metabolite 

composition, they were still statistically significant. In addition, vineyard practice, which was the least 

significant factor in the wine data set, contributed a similar variation as the intrinsic factor region did. 

This information is noteworthy and valuable for grape growers as it is one of the factors that can be 

controlled in the vineyard. Vineyard practices can be designed to enhance not only vineyard longevity, 

soil health, and vine performance but also the quality of the finished wine. Important metabolites were 

detected to differ between the vineyard regimes. All in all, the differences in the wine metabolites 

between vineyard management regimes were detectable and significant.   

 

Finally, the competition between weeds and economic crops for water and nutrients is a challenge that 

every grower faces. Glyphosate is one of the most widely used herbicides in the world and is applied in 

vineyards to manage weeds. It kills weeds by effectively inhibiting the 5-enolpyruvyl-shikimate-3-

phosphate (EPSP) synthase in the shikimate pathway, but the impact of its residue during alcoholic 

fermentation of wine was not yet clear. In this study, Pinot noir juices were fermented with different 

concentrations of added glyphosate. Glyphosate was found to barely degrade in the grape juice matrix 

during the alcoholic fermentation process and its presence did not play a role in fermentation kinetic 

rates, wine colour or basic oenological parameters. However, its effects on yeast metabolism were 

detectable. Glyphosate levels showed different effects on amino acids (as yeast nutrient and aroma 

precursors), esters and higher alcohols (as yeast action by-products), and monoterpenes and C13-

norisoprenoids (as productions of enzymatic activity) for the different yeast strains tested.  

 

In conclusion, this multi-year data set includes information on white and red grapes and their respective 

wines, which was developed from a wine community-wide collaboration involving academics, 

researchers, and wineries across New Zealand. Results obtained from this project will add value to the 

overall vision of the VE programme and the story behind New Zealand wine. This information can also 

be used by the New Zealand wine industry to make better-informed decisions about operations in the 

field and how these practices may influence a finished wine. This work will eventually strengthen the 

New Zealand Wine Pure Discovery story by further linking the outstanding quality of New Zealand wine 

with the unique terroir of Aotearoa. 
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6.2. Future Considerations 

 

This study was articulated as a Ph.D. student project spanning over three and a half years. It was 

envisioned that the study of the wine aroma compounds might highlight specific different effects 

between conventional and organic viticulture regimes. Therefore, this project aimed to fill the knowledge 

gap regarding the connection among viticultural practices, grape juice composition, and wine chemical 

profiles. Additionally, it was hypothesised that herbicide application could influence the aroma profiles 

of the experimental wines during alcoholic fermentation. Hence, exploratory trials were conducted to 

assess the effects of the above-mentioned technological factors. However, it must be noted that due to 

time restrictions and repeated COVID-19 lockdowns, these trials remain in their infancy. Here on, a 

general summary of the future considerations of this research project is offered. 

 

Grape juice and wine samples, including Sauvignon blanc, Pinot noir, and Merlot, were provided 

annually for this research. Among them, 12 Sauvignon blanc samples were collected from both Hawke’s 

Bay and Marlborough regimes, while six Pinot noir and six Merlot samples were from either Marlborough 

or Hawke’s Bay. Consequently, two to four samples each year had the same growing properties, such 

as variety, planting region, vintage year, and vineyard management regime. After instrumental and 

statistical analysis, it was found that the influence of vineyard management regimes on the targeted 

juice and wine metabolites was detectable and significant. Therefore, it would be of value to expand the 

sampling scale and involve more vineyard blocks in each planting region to better represent the regional 

chemistry features in terms of different vineyard regimes. In addition, the experimental juices were 

fermented spontaneously. In future, researchers may want to mimic industrial inoculated winemaking 

methods using commercial yeast strains, which would then allow for the results to be more transferable.  

 

Furthermore, the correlations between wine thiols and grape precursors, as well as wine and grape C6 

compounds, were the main focus in this study. However, many other interesting relationships have not 

been included, such as the association between amino acids in grape juice and volatile compounds in 

wine. Therefore, more informative relationships with regard to the influential compounds from different 

vineyard management regimes are worth further exploration.  

 

Lastly, based on four commercial yeast strains, this study has found that the glyphosate residue in the 

Pinot noir ferments affected the chemical profiles of the finished wines. In the future, more research 

should be carried out to investigate the impact of glyphosate on either commercial yeast strains using 

more natural grape juices or lab yeast strains using synthetic grape juices. Also, it is common that 

several herbicides are used either simultaneously or in succession to achieve the desired weed-free 

outcome. Therefore, future considerations for herbicide residue research should include the combined 

use of herbicides. These future studies would help to fully understand the potential relationships among 

the herbicide residues, yeast strains, and aroma compounds.  
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All in all, organic vineyard management is becoming increasingly important for the wine industry, and it 

is therefore of paramount importance for grape growers and winemakers to continuously explore new 

areas in order to make the best quality wine. This study has advanced the knowledge of the connection 

between vineyard practices and metabolite profiles. This information is noteworthy and valuable for 

grape growers because of increasing concerns regarding the use of synthetic chemicals in viticulture. 

Also, it provides a solid platform for future research and could be interesting for other researchers to 

consider this point in future studies.  
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Appendix 

 

 

   

   

   

   
 

Figure 47: Nineteen standard curves used for amino acid quantification 
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Figure 47 (continued) 
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Figure 47 (continued) 

 

 
Figure 48: Chromatograms of five amino acids from the liquid chromatography-triple quadrupole mass 

spectrometer method 
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Figure 49: Chromatograms of thiol precursors from the liquid chromatography-triple quadrupole mass 

spectrometer method (Red: d3-S-3-(hexan-1-ol)-L-cysteine; Grey: S-3-(hexan-1-ol)-L-cysteine; Blue: d3-S-3-

(hexan-1-ol)-L-glutathione; Green: S-3-(hexan-1-ol)-L-glutathione) 
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Table 60: Summary of the oenological parameters of juice samples 

Group No. Variety Vintage  

Year 

Region Vineyard 

Regime 

°Brix TA 

(g L-1) 

pH Total SO2 

(mg L-1) 

Free SO2 

(mg L-1) 

1 (n = 3) Sauvignon 2018 Hawke’s Bay Contemporary 17.8 ± 2.1 7.8 ± 1.0 3.1 ± 0.0 15.9 ± 8.5 6.6 ± 7.4 

2 (n = 2) Sauvignon 2018 Hawke’s Bay Future 17.7 ± 0.1 11.7 ± 0.4 3.0 ± 0.0 21.6 ± 2.4 6.0 ± 1.8 

3 (n = 3) Sauvignon 2018 Marlborough Contemporary 19.0 ± 1.1 9.8 ± 0.4 3.1 ± 0.0 3.9 ± 6.1 0.0 ± 0.0 

4 (n = 3) Sauvignon 2018 Marlborough Future 21.5 ± 0.7 9.0 ± 0.9 3.1 ± 0.1 9.8 ± 16.7 3.0 ± 5.2 

5 (n = 3) Sauvignon 2019 Hawke’s Bay Contemporary 18.8 ± 1.7 10.5 ± 1.6 3.0 ± 0.1 14.2 ± 12.4 3.4 ± 3.0 

6 (n = 3) Sauvignon 2019 Hawke’s Bay Future 20.1 ± 0.2 10.5 ± 0.9 3.0 ± 0.0 33.5 ± 34.2 17.6 ± 21.2 

7 (n = 3) Sauvignon 2019 Marlborough Contemporary 20.7 ± 1.0 9.0 ± 0.6 3.0 ± 0.0 21.1 ± 19.1 4.5 ± 8.3 

8 (n = 3) Sauvignon 2019 Marlborough Future 22.1 ± 0.7 8.9 ± 1.0 3.0 ± 0.0 22.6 ± 19.8 8.7 ± 7.7 

9 (n = 2) Sauvignon 2021 Hawke’s Bay Contemporary 22.4 ± 1.5 8.8 ± 0.9 3.0 ± 0.0 20.5 ± 24.7 5.0 ± 7.0 

10 (n = 2) Sauvignon 2021 Hawke’s Bay Future 19.9 ± 0.2 11.3 ± 0.3 2.8 ± 0.0 14.0 ± 14.1 4.1 ± 5.6 

11 (n = 3) Sauvignon 2021 Marlborough Contemporary 21.9 ± 0.6 10.4 ± 0.3 3.0 ± 0.0 27.3 ± 5.5 6.0 ± 3.6 

12 (n = 3) Sauvignon 2021 Marlborough Future 22.3 ± 1.0 10.0 ± 0.5 2.9 ± 0.0 19.0 ± 13.7 3.3 ± 2.0 

13 (n = 3) Pinot noir 2018 Marlborough Contemporary 21.5 ± 1.6 7.6 ± 1.7 3.4 ± 0.1 3.0 ± 1.5 0.0 ± 0.1 

14 (n = 2) Pinot noir 2018 Marlborough Future 22.6 ± 0.8 6.3 ± 0.0 3.4 ± 0.0 2.4 ± 1.2 0.3 ± 0.4 

15 (n = 3) Pinot noir 2019 Marlborough Contemporary 21.4 ± 0.5 6.9 ± 1.2 3.3 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 

16 (n = 3) Pinot noir 2019 Marlborough Future 22.9 ± 0.7 6.3 ± 1.6 3.3 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 

17 (n = 3) Pinot noir 2021 Marlborough Contemporary 24.2 ± 0.7 6.0 ± 1.4 3.4 ± 0.1 3.0 ± 1.7 0.3 ± 0.5 

18 (n = 3) Pinot noir 2021 Marlborough Future 22.8 ± 1.0 6.5 ± 1.6 3.4 ± 0.1 5.0 ± 1.0 0.3 ± 0.5 

19 (n = 2) Merlot 2018 Hawke’s Bay Contemporary 20.2 ± 2.4 4.9 ± 1.0 3.4 ± 0.1 7.3 ± 6.5 0.5 ± 0.0 

20 (n = 4) Merlot 2018 Hawke’s Bay Future 21.1 ± 1.0 4.6 ± 0.6 3.5 ± 0.0 3.8 ± 2.6 0.0 ± 0.0 

21 (n = 2) Merlot 2019 Hawke’s Bay Contemporary 21.1 ± 1.4 4.7 ± 1.0 3.4 ± 0.1 4.2 ± 2.7 0.0 ± 0.0 

22 (n = 4) Merlot 2019 Hawke’s Bay Future 22.0 ± 0.8 4.2 ± 0.8 3.5 ± 0.1 5.7 ± 2.0 2.4 ± 4.0 

23 (n = 2) Merlot 2021 Hawke’s Bay Contemporary 22.4 ± 0.8 4.4 ± 0.1 3.3 ± 0.0 8.0 ± 0.0 1.0 ± 1.4 

24 (n = 3) Merlot 2021 Hawke’s Bay Future 22.3 ± 1.0 3.8 ± 0.3 3.4 ± 0.0 9.0 ± 3.4 1.3 ± 1.5 

°Brix: total soluble solid; TA: titratable acidity; PAA: primary amino acids. 
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Table 60 (continued) 

Group No. Ammonia 

(mg N L-1) 

PAA 

(mg N L-1) 

YAN 

(mg N L-1) 

Glucose 

(g L-1) 

Fructose 

(g L-1) 

Sum (G+F) 

(g L-1) 

1 (n = 3) 90.5 ± 51.8 69.6 ± 9.8 160.0 ± 58.4 104.4 ± 16.2 94.0 ± 24.2 198.4 ± 39.4 

2 (n = 2) 65.4 ± 6.1 74.1 ± 4.9 154.2 ± 11.4 81.6 ± 1.0 79.4 ± 6.9 161.1 ± 7.9 

3 (n = 3) 69.7 ± 32.7 135.6 ± 50.7 205.2 ± 83.0 93.1 ± 8.9 90.3 ± 10.6 183.4 ± 19.5 

4 (n = 3) 48.2 ± 25.1 92.2 ± 33.9 140.4 ± 58.9 103.8 ± 3.6 101.0 ± 1.8 204.8 ± 5.5 

5 (n = 3) 89.9 ± 20.1 127.8 ± 27.0 217.8 ± 47.0 104.0 ± 11.2 86.8 ± 12.5 190.9 ± 22.9 

6 (n = 3) 71.5 ± 24.6 109.7 ± 15.8 181.2 ± 27.0 115.3 ± 6.7 93.1 ± 4.9 208.5 ± 2.2 

7 (n = 3) 66.5 ± 18.1 83.7 ± 17.7 150.1 ± 35.7 115.1 ± 7.7 107.3 ± 8.9 222.5 ± 16.4 

8 (n = 3) 44.6 ± 23.6 75.7 ± 7.9 120.3 ± 31.4 126.2 ± 10.0 109.9 ± 4.2 236.1 ± 9.9 

9 (n = 2) 76.7 ± 11.1 112.2 ± 16.4 189.0 ± 5.3 107.7 ± 8.6 92.5 ± 6.7 200.2 ± 15.3 

10 (n = 2) 64.1 ± 28.8 87.0 ± 22.6 151.1 ± 51.4 96.3 ± 0.4 85.2 ± 0.5 181.5 ± 0.9 

11 (n = 3) 68.3 ± 19.2 126.5 ± 24.4 194.8 ± 41.7 105.5 ± 2.8 80.3 ± 3.1 185.8 ± 5.7 

12 (n = 3) 45.3 ± 18.7 80.5 ± 7.5 125.8 ± 22.9 107.5 ± 5.5 85.9 ± 2.9 193.4 ± 3.2 

13 (n = 3) 119.1 ± 75.9 201.7 ± 90.0 320.8 ± 155.0 107.8 ± 16.2 105.7 ± 12.8 213.6 ± 28.7 

14 (n = 2) 29.5 ± 5.3 105.6 ± 9.1 135.1 ± 3.8 110.7 ± 9.4 109.4 ± 8.8 220.2 ± 18.2 

15 (n = 3) 88.5 ± 44.4 146.0 ± 26.0 234.5 ± 67.6 112.7 ± 7.8 105.5 ± 7.3 218.2 ± 15.0 

16 (n = 3) 56.9 ± 15.0 118.0 ± 17.2 174.9 ± 26.5 127.8 ± 7.7 120.6 ± 7.6 248.5 ± 15.1 

17 (n = 3) 76.6 ± 43.4 168.7 ± 58.9 245.3 ± 94.0 113.7 ± 3.6 107.4 ± 7.6 221.1 ± 9.6 

18 (n = 3) 57.2 ± 26.1 122.1 ± 31.3 179.3 ± 45.1 108.0 ± 7.0 98.3 ± 8.0 206.3 ± 14.2 

19 (n = 2) 23.6 ± 30.9 69.8 ± 22.3 93.4 ± 53.2 95.2 ± 4.4 95.5 ± 8.4 190.8 ± 12.8 

20 (n = 4) 60.3 ± 65.5 68.5 ± 30.6 128.8 ± 93.4 111.8 ± 6.8 106.0 ± 11.4 217.8 ± 15.9 

21 (n = 2) 31.6 ± 13.7 70.9 ± 7.7 102.5 ± 21.4 117.2 ± 8.6 105.7 ± 9.2 222.9 ± 17.9 

22 (n = 4) 29.3 ± 19.1 79.7 ± 25.1 109.0 ± 41.3 124.5 ± 7.3 112.0 ± 6.8 236.5 ± 13.9 

23 (n = 2) 20.7 ± 2.8 61.9 ± 8.7 82.6 ± 116. 108.8 ± 2.8 94.0 ± 7.7 202.8 ± 10.6 

24 (n = 3) 14.4 ± 14.3 64.0 ± 32.0 78.3 ± 46.1 110.3 ± 6.3 89.9 ± 3.8 200.2 ± 9.9 

YAN: yeast assimilable nitrogen; Sum = Glucose + Fructose. 
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Table 60 (continued) 

Group No. OD 280 

(AU) 

OD 320 

(AU) 

OD 420 

(AU) 

OD 520 

(AU) 

OD 620 

(AU) 

TP 

(mg GAE L-1) 

1 (n = 3) 8.26 ± 0.92 6.97 ± 1.84 0.730 ± 0.658 0.411 ± 0.289 0.218 ± 0.162 268.25 ± 39.65 

2 (n = 2) 8.64 ± 0.39 7.98 ± 0.12 0.631 ± 0.015 0.357 ± 0.006 0.239 ± 0.003 270.72 ± 12.69 

3 (n = 3) 5.98 ± 0.35 3.68 ± 0.32 0.520 ± 0.022 0.248 ± 0.011 0.101 ± 0.009 191.74 ± 11.62 

4 (n = 3) 7.06 ± 0.76 5.84 ± 0.75 0.389 ± 0.222 0.190 ± 0.106 0.085 ± 0.033 228.50 ± 23.97 

5 (n = 3) 7.86 ± 0.39 6.22 ± 0.67 0.793 ± 0.639 0.410 ± 0.306 0.237 ± 0.144 258.81 ± 14.16 

6 (n = 3) 9.13 ± 0.72 8.32 ± 0.62 0.697 ± 0.085 0.411 ± 0.052 0.288 ± 0.040 299.66 ± 28.06 

7 (n = 3) 9.06 ± 1.67 7.03 ± 0.84 1.223 ± 0.583 1.005 ± 0.658 0.383 ± 0.107 301.00 ± 56.62 

8 (n = 3) 9.72 ± 0.62 7.76 ± 1.10 0.939 ± 0.601 0.525 ± 0.326 0.321 ± 0.153 322.11 ± 23.08 

9 (n = 2) 10.71 ± 1.20 8.17 ± 1.04 0.993 ± 0.647 0.559 ± 0.361 0.346 ± 0.193 347.22 ± 61.46 

10 (n = 2) 10.88 ± 1.56 8.24 ± 1.21 1.200 ± 0.486 0.699 ± 0.257 0.448 ± 0.117 339.21 ± 51.91 

11 (n = 3) 9.59 ± 0.65 8.59 ± 0.26 0.659 ± 0.157 0.392 ± 0.100 0.277 ± 0.075 297.53 ± 22.91 

12 (n = 3) 11.57 ± 0.37 9.48 ± 2.18 1.079 ± 0.552 0.625 ± 0.318 0.401 ± 0.163 365.47 ± 10.80 

13 (n = 3) 12.84 ± 1.07 9.88 ± 0.87 0.926 ± 0.115 1.181 ± 0.187 0.202 ± 0.033 417.02 ± 35.64 

14 (n = 2) 15.95 ± 1.93 11.30 ± 1.29 1.301 ± 0.012 1.502 ± 0.532 0.266 ± 0.028 540.68 ± 60.68 

15 (n = 3) 9.14 ± 1.73 6.40 ± 1.09 3.026 ± 0.986 2.851 ± 0.279 0.847 ± 0.280 250.36 ± 120.88 

16 (n = 3) 12.65 ± 5.39 8.82 ± 3.91 2.349 ± 0.387 2.713 ± 0.358 0.680 ± 0.183 423.10 ± 167.53 

17 (n = 3) 19.05 ± 2.63 12.84 ± 1.68 2.667 ± 0.152 2.904 ± 0.549 1.418 ± 1.121 607.41 ± 83.86 

18 (n = 3) 17.43 ± 0.87 12.18 ± 0.95 2.134 ± 0.319 2.813 ± 0.473 0.583 ± 0.065 540.63 ± 17.47 

19 (n = 2) 13.47 ± 4.59 9.89 ± 2.76 1.062 ± 0.474 2.367 ± 0.845 0.258 ± 0.124 431.68 ± 181.13 

20 (n = 4) 14.17 ± 3.16 10.38 ± 2.51 1.187 ± 0.249 2.046 ± 0.788 0.280 ± 0.071 469.79 ± 121.41 

21 (n = 2) 11.14 ± 2.71 8.57 ± 2.03 1.031 ± 0.235 1.740 ± 0.028 0.271 ± 0.060 357.68 ± 88.33 

22 (n = 4) 16.60 ± 5.22 12.44 ± 4.50 1.394 ± 0.377 1.835 ± 0.623 0.404 ± 0.115 546.64 ± 179.84 

23 (n = 2) 12.32 ± 4.83 9.04 ± 3.57 1.967 ± 0.250 3.439 ± 0.505 0.535 ± 0.069 387.53 ± 155.64 

24 (n = 3) 15.43 ± 1.32 10.93 ± 0.98 1.219 ± 0.175 2.443 ± 0.419 0.317 ± 0.070 484.52 ± 40.08 

OD: optical density; TP: total phenolic.  
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Vineyard Ecosystems Sauvignon Blanc Winemaking Protocol 

 

1. Hand harvest 40 kg fruit lots from each vineyard site just before the commercial harvest date. 

Transfer to the winery. Use chilled transport for Hawke’s Bay fruit to Marlborough with a 

standardised chill time of two days to account for transport time before processing (no addition 

of PMS 5 % solution). Marlborough fruit was processed on the day of harvest. 

2. Crush/destem fruit under CO2 cover. Take a 50 mL juice sample for the University of Auckland 

(Dr Sarah Knight). Add 30 ppm SO2 (0.6 mL L-1 of 10 % PMS). No enzyme or Bentonite 

additions. 

3. The must was transferred to 40 L containers under CO2 cover. Give 1-hour skin contact time at 

6 ˚C. 

4. Transfer to 20 L hydro press. Collect free run under CO2 cover. Press off under CO2 cover. 

Pressing regime: 

i. Press at 2.0 bar 3 minutes. 

ii. Press at 4.0 bar for 14 minutes. 

5. Cold settle juice for 24 hours at 6 °C. 

6. Rack off juice lees under CO2 cover to 18 L fermentation vessels. Add fluffy juice lees to adjust 

turbidity to between 150-200 NTU. Measure initial and final juice turbidity following additions 

using Hach portable turbidity meter. 

7. Take two microtubes, two 35 mL of juice samples and freeze in -50 °C freezer, and a 50 mL 

falcon tube for fresh juice analysis (°Brix, pH, TA, WineScan, OD280, OD320, OD420, free & 

total SO2, reducing sugars, YAN, amino acids, organic acids and cations). 

8. The juice was warmed to 16 ˚C for spontaneous fermentation.  

9. Add a standard complex nutrient addition of Nutristart® (Laffort®) of 600 ppm (0.6 g L-1) to juice 

when fermentation first begins. The start of fermentation is identified when the ferment first 

loses weight from CO2 loss. Ensure ferments have enough O2 for vigorous fermentation.  

10. Mix ferments daily after 8 °Brix. 

11. Check that all treatments are dry (RS ≤ 2.0 g L-1) using a plate reader.  

12. Stop fermentation with 50 ppm sulfur addition. Seal and settle. 

13. Rack off gross lees one week after ferment has stopped. 

14. Check SO2 levels after racking (want molecular sulfur of 0.9 ppm). Continue monitoring SO2 

levels monthly till bottling. 

15. The fermented wine was filtered (1.2 pre-filter and 0.45 µm filter) and bottled. Take four 35 mL 

of and two microtube samples and freeze in -50 ˚C freezer. Take two 50 mL falcon tubes for primary 

wine analysis. 
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Vineyard Ecosystems Red Varieties Winemaking Protocol 

 

1. Hand harvest 17 kg fruit lots from each vineyard site just before the commercial harvest date. 

Transfer to the winery. Use chilled transport for Hawke’s Bay fruit to Marlborough with a 

standardised chill time of two days to account for transport time before processing (no addition 

of PMS 5 % solution). Marlborough fruit was processed on the day of harvest. 

2. Manually destem fruit using hand destemmer under CO2 cover.  

3. Load processed fruit into 19 L stainless steel kegs and add 15 ppm SO2 (0.3 mL L-1 of 10 % 

PMS). 

4. Take juice sample 24 hours after processing. Juice analysis includes °Brix, pH, TA, YAN, 

WineScan, organic acids, cations, amino acids, anthocyanins, tannins, phenolics, OD320, 

OD420, OD520, OD620 free and total sulfur (a 50 mL falcon tube of the must). 

5. Keep two 50 mL juice samples for each treatment and freeze. 

6. Cold soak for three days at 6 ˚C. Submerge cap twice during the cold soak. 

7. Check acid levels. 

8. If pH > 3.6 add tartaric acid. 

9. General rule: 1g tartaric acid lowers the pH by 0.1 and raises the TA by 1 g L-1. 

10. Warm to 25 ˚C for spontaneous fermentation. 

11. Ferment at 25 ˚C (warm room). Set warm room to 25 ˚C initially; once fermentation starts, 

monitor temperature so ferment peaks at 28-32 ˚C.  

12. Add a standard complex nutrient addition of Nutristart® (Laffort®) of 600 mg L-1 (0.6 g L-1) to 

juice when fermentation first begins. The start of fermentation is identified when the ferment 

first loses weight from CO2 loss. 

13. Gently plunge kegs once a day to submerge caps. 

14. Aerate after the first nutrient addition by the manual plunge. 

15. Check that all treatments are dry (RS ≤ 2.0 g L-1) using a plate reader.  

16. Once primary fermentation is finished, press ferments 15 days from the start date of cold soak. 

17. To press transfer ferment to 6-kg sample press (Stainless Steel Systems, Blenheim, New 

Zealand). Collect free run under CO2 cover. Sample press regime: 

 Press under a blanket of CO2. 

 Fill press basket with must and collect free run. 

 Press for 45 seconds. 

 Release plunger and tip marc into a tray to mix, return marc to the basket. 

 Press again for a final 45 seconds. 
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18. Press into 18 L kegs.  

19. Analyse wine samples: WineScan, pH, TA, alcohol, organic acids, Anthocyanins, Tannins, 

phenolics, OD320, OD420, OD520, OD620, free and total sulfur. Take three 35 mL wine 

samples from each treatment and freeze them in a -50 ˚C freezer. 

20. Sulfur with 50 ppm SO2 addition. 

21. Settle for one week at 6 ˚C and then rack and analyse wine. 

22. Check acid levels and add tartaric acid if pH > 3.6. 

23. Analyse wine samples: WineScan, pH, TA, alcohol, organic acids, Anthocyanins, Tannins, 

phenolics, OD320, OD420, OD520, OD620, free and total sulfur. Take three 35 mL of wine 

samples from each treatment and freeze them in the -50 ˚C freezer. 

24. Monitor SO2 monthly. Stabilise SO2 at 0.5 ppm molecular SO2. Add SO2 as required. 

25. Store at low temperature (6 ˚C) for a month. 

26. Rack and stabilise SO2 at approximately 0.5 ppm molecular for bottling. 

27. Filter using 1.2 µm filters. 

28. Bottle. 
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Table 61: List of 39 wine aroma compounds analysed 

Compound Supplier  Compound Supplier 

ethyl isobutyrate Aldrich, Milwaukee, WI, USA  β-damascenone Aldrich, Milwaukee, WI, USA 

ethyl butanoate Acros Organics, Geel, Belgium  α-ionone Aldrich, Milwaukee, WI, USA 

ethyl 2-methyl butanoate Aldrich, Milwaukee, WI, USA  β-ionone Aldrich, Milwaukee, WI, USA 

ethyl isovalerate Fluka, Steinheim, Switzerland  isobutyric acid Lancaster, Pelham, NH, USA 

ethyl hexanoate Fluka, Steinheim, Switzerland  isovaleric acid Acros Organics, Geel, Belgium 

ethyl octanoate Aldrich, Milwaukee, WI, USA  hexanoic acid Fluka, Steinheim, Switzerland 

ethyl decanoate Aldrich, Milwaukee, WI, USA  octanoic acid Acros Organics, Geel, Belgium 

ethyl acetate Sigma-Aldrich, New Zealand  decanoic acid Acros Organics, Geel, Belgium 

isobutyl acetate Fluka, Steinheim, Switzerland  ethyl (di) hydrocinnamate Aldrich, Milwaukee, WI, USA 

isoamyl acetate Univar, AjaxFinechem, Australia  ethyl (trans) cinnamate Aldrich, Milwaukee, WI, USA 

hexyl acetate Acros Organics, Geel, Belgium  4-ethylguaiacol Aldrich, Milwaukee 

cis-3-hexenyl acetate SAFC, Milwaukee, WI, USA  4-ethylphenol Aldrich, Milwaukee, WI, USA 

ethyl phenylacetate Acros Organics, Geel, Belgium  isobutanol Scharlau, Sentmenat, Spain 

β-phenylethyl acetate Aldrich, Milwaukee, WI, USA  1-butanol Scharlau, Sentmenat, Spain 

(±)-cis/trans-rose oxide Sigma-Aldrich, New Zealand  isoamyl alcohol Panreac, Barcelona, Spain 

linalool Acros Organics, Geel, Belgium  methionol Aldrich, Milwaukee, WI, USA 

α-terpineol Acros Organics, Geel, Belgium  benzyl alcohol Riedel-de Haën, Hanover, Germany 

β-citronellol Aldrich, Milwaukee, WI, USA  phenylethyl alcohol Acros Organics, Geel, Belgium 

nerol (cis-geraniol) Aldrich, Milwaukee, WI, USA  benzaldehyde Fluka, Steinheim, Switzerland 

geraniol (trans-geraniol) Acros Organics, Geel, Belgium    
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Figure 50: Loading plots of PNC (left) and PNVE (right) wines conducted by principal component analysis 
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