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Abstract 

Climate change is leading to an increase in average temperature and in the frequency and 

severity of heatwaves, and is already significantly affecting grapevine phenology and 

berry composition. As weather conditions of Australian warm and hot grape growing 

regions evolve, flavonoids, for which biosynthesis depends on bunch microclimate, are 

expected to be affected. These compounds include flavan-3-ols and tannins which are 

important contributors to grape and wine quality. The aim of this project was to determine 

if berry tannin accumulation is sensitive to high temperature. While the synergistic effect 

of light and temperature on anthocyanins has been intensively examined, more knowledge 

is required for tannins as their metabolic pathway is yet to be fully elucidated, and their 

structural analysis is limited due to their complex nature. 

Using a multi-disciplinary approach, the research focused on how high (>35 °C) and 

extreme high (>45 °C) temperatures impact on berry physiology, survival and detailed 

tannin composition. Temperature-related parameters (duration, intensity, day/night, 

phenological stages, levels and berry acclimation) were investigated across four 

glasshouse experiments, conducted on well-irrigated potted Shiraz grapevines. Bunch or 

whole-vine temperature was manipulated using experimental systems that prevented 

differences in canopy/bunch light exposure while allowing natural light and UV. The first 

two experiments used a factorial design to either investigate the effect of a single or 

several whole-vine heat treatments (+6 °C) or to assess the influence of high day (+8 °C; 

45 °C) and night (+6 °C; 33 °C) bunch temperature, during berry development. Another 

experiment examined different intensities (35-54 °C) and durations (3-39 h) at mid-

ripening (E-L 36). The last experiment combined the previous parameters that had 

affected tannins. Two additional assays evaluated the potential temperature impact on 

subsequent wine composition using wine-like extraction and micro-scale winemaking. 

Detailed tannin composition was primarily determined by liquid chromatography-tandem 

mass spectrometry after phloroglucinolysis, with complementary total tannin 

concentration (methyl cellulose precipitable assay). Tannin size distribution (gel 

permeation chromatography), together with primary and secondary metabolites (gas and 

liquid chromatography-mass spectrometry) were also analysed on key samples to provide 

a more comprehensive picture.  
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Providing berries were not damaged, tannin accumulation experienced just a short delay 

following high temperature exposure during early berry development. Differences were 

likely due to a combination of berry development disruption as well as a deregulation of 

some genes involved in tannin biosynthesis. Parameters most commonly impacted across 

all experiments were seed tannin size (increased) followed by tannin content (decreased) 

and skin galloylation (increased). Most differences were no longer evident by harvest, but 

if any, extractability was increased compensating for the decrease in berry phenolics. To 

complement compositional responses, berry survival thresholds were identified with 

green berries exhibiting visual damage for temperatures above 42-44 °C while red berries 

only started to necrose above 50 °C. In damaged berries, skin tannins were dramatically 

reduced while seed tannins were mostly preserved. With the experimental system used 

for this thesis, tannin accumulation showed an elastic response to high temperature and if 

berries were not shrivelled, quality was not impaired at harvest by the sole effect of 

temperature. The project provided enhanced knowledge on upper temperature limits for 

viable wine production, in turn informing critical timing for mitigation strategies. 
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1.1. Project background 

Under a changing climate, average temperatures are increasing relative to long-term 

records, and are expected to continue to do so unless rapid and collective actions are taken 

to reduce greenhouse gas emissions and increase sequestration (Aron, 2019). To 

demonstrate the potential impact of future emission scenarios on global temperature, the 

Fifth Assessment Report of the International Panel on Climate Change (IPCC, 2014) used 

four Representative Concentration Pathways (RCPs). The most optimistic scenario, 

RCP2.6, required major and rapid changes to emissions to be achieved while the most 

pessimistic one, RCP8.5, sometimes described as ‘business as usual’, predicted an 

exponential rise of carbon dioxide (CO2) concentration. In this case, additional heat in the 

atmosphere equivalent to 8.5 W/m2 will be retained by 2100 and global temperature may 

increase by a projected 3.7 ± 1.1 °C. However, the latest IPCC Special Report suggested 

that global warming is accelerating (Masson-Delmotte et al., 2018). Temperatures have 

increased at a rate of 0.2 °C per decade since 2000, but may be more rapid than originally 

anticipated and reach a 1.5 °C increase by 2030 or even earlier (Xu et al., 2018). This could 

be exacerbated by the planet entering a natural warming phase, which could have already 

started (Meehl et al., 2016). Accompanying these rising temperatures will be an increase 

in the severity, frequency and duration of heatwaves. Extremes will be much more difficult 

to predict and potentially of greater immediate threat for agriculture and human health than 

a more slowly changing average.  

Since the start of this project, monthly average temperatures during summer have been 

amongst the highest on record, as well as unprecedented individual maximum 

temperatures. For example, in the Northern Hemisphere, June 2019 was the third warmest 

month out of 140 years recorded, with anomalies of +1.37 °C for land temperatures, and 

widespread maxima well above 40 °C registered for the first time (NOAA National Centers 

for Environmental Information, 2019). In the Southern Hemisphere, the January 2019 land 

temperature was the warmest since 1910’s with +1.47 °C. Australia was particularly 

affected with new high maxima and minima set around the nation. Australia is known to 

be one of the hottest places in the world with 70% of the country classified as arid or semi-

arid due to the weather patterns in these latitudes (Mildrexler et al., 2006). However, 

climate can vary substantially from North to South as Australia is a vast land 

(approximately 3860 km long and 4000 km wide). Most of the 65 Australian wine regions 

are below the 30 °S, except for South Burnett (Queensland), Granite Belt (Queensland/New 

South Wales) and New England (New South Wales), where mean January temperature 
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(MJT) does not exceed 22 °C (Dry et al., 2004). In addition, classification exists using 

temperature indices such as growing degree days or MJT and about 20 regions are 

categorised as hot or very hot, including the three largest inland grape growing regions - 

the Murray Darling, Riverina and Riverland (Coombe, 1987; Hall & Jones, 2010).  

Heatwaves are generally recognised as a period of consecutive days with unusually high 

temperature maxima. However, for a more precise description that allows for differences 

in location and the time of year, temperature maxima can be defined as unusual when 

statistically distributed above the 90th percentile (Perkins & Alexander, 2013; Robinson, 

2001). To provide an example and context for the subsequent work in this thesis, 

temperatures in the Riverina, where the study was conducted, are cooler than the Murray 

Darling but slightly warmer than Riverland (Hall & Jones, 2010). It is now clear from the 

data acquired over the past 108 years (Figure 1) that the maximum temperature has been 

regularly abnormally high from the mid-90’s in Spring (Figure 1A) and in Summer (Figure 

1B) across the state of New South Wales (including Australian Capital Territory). Usually, 

the 90th percentile for the maximum air temperature in November (flowering-fruit set) 

varies from 32 to 35 °C. During the summer months (véraison-ripening), temperatures 

above 38 °C are considered as unusual (Perkins, 2015). In the Riverina, maximum 

temperatures above 40 °C are frequently recorded, including peaks above 45 °C (Bureau 

of Meteorology), and more extreme temperatures could be expected. During the 2009 

summer heatwave, temperatures above 38 °C were recorded for 14 consecutive days with 

an average maximum temperature of 40.6 °C in Wagga Wagga between mid-January and 

beginning of February. Since then, the Riverina (and most of Australia) has experienced 

several other heatwaves. For example, in January 2019, the maximum temperature also 

exceeded 38 °C for 14 days in a row with an average maximum temperature of 41.2 °C in 

Wagga Wagga (Bureau of Meteorology). 

Figure 1. Spring (A) and Summer (B) maximum temperature anomaly in New South Wales/Australian 

Capital Territory (ACT) between 1910 to 2018 (Bureau of Meteorology). 
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For large hot climate regions such as the Riverina, grape production is possible due to 

relatively secure supplies of water for irrigation. Historically at least, allocations for 

viticulture have been sufficient in most seasons to meet irrigation requirements and to 

ensure vineyards are watered prior to heatwaves. While the combination of water stress 

and high temperatures is already well known to increase the vulnerability of grapevines 

and berries to heatwaves (Webb et al., 2010), the upper temperature limits for berry 

survival of well-watered grapevines should be tested. As the most widely planted variety 

in Australia, understanding berry compositional responses and even survival thresholds of 

Shiraz will be essential to plan the future adaptation of the wine industry. It will provide a 

target for canopy management and heat mitigation strategies in the vineyard, and improved 

capacity to adjust the winemaking process or wine styles when working with heat-affected 

fruit. In the longer term, it gives a planning threshold at which such actions will no longer 

be sufficient to counteract rising temperatures, and a more informed approach for 

relocating vineyards or re-planting with more heat-tolerant varieties. 

The overall aim of this thesis was therefore to determine the effects of high temperature 

extremes on the composition of Shiraz berries. Following a detailed review of the literature, 

the work focussed on the specific effect of high temperature on tannins, which make an 

important contribution to wine sensory attributes, but are some of the most complex and 

least understood compounds in grapes. Experiments were conducted under glasshouse 

conditions to provide the required level of control over berry temperature, with treatment 

intensity and duration representative of hot climate vineyards and reaching sufficient 

maximum values to determine berry survival thresholds at different development stages. 

In addition, because several studies found significant interactions between light and 

temperature, a heating system was employed to heat bunches and whole vines without 

changing light exposure between treatments, as well as keeping the light quality as close 

as possible to outside conditions. 

1.2. Literature review 

1.2.1. Introductory comments 

This paper provides a critical review of all published studies over the last five decades 

(1971-2018) on the effect of high and extreme high temperatures on a particular class of 

secondary metabolites, the flavonoids, which are key contributors to berry and wine 

quality, and the main compounds of interest in this thesis.  
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The review brings together results from studies investigating the sole effect of high 

temperature, whereby temperature is the only parameter manipulated (direct methods) free 

from interactions with other abiotic factors, such as light and water stresses. The impact of 

experimental conditions: timing of heat treatment (day/night), duration of exposure (from 

a few hours to several months), temperature intensity (from high to extreme high), 

treatment scale (whole vine, bunch or detached berry), phenological stage (from fruit-set 

to maturity) and variety (table and wine grapes) are examined. Studies on flavonoids 

(anthocyanins, flavonols, flavan-3-ols and tannins) were selected and the effect on 

biosynthesis, accumulation and degradation is discussed with regard to experimental 

conditions.  

A brief summary of key papers published since the literature review was submitted is 

available after the published review as well as additional literature on wine tannin 

composition and extractability. 
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1.2.2 Review paper – Grape berry flavonoids: a review of their biochemical responses 

to high and extreme high temperatures 
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1.2.3. Review of selected literature published since mid-2018 

A couple of recent studies have investigated the sole effect of temperature on red varieties 

(Gao-Takai et al., 2019; Wu et al., 2019), and the results complement the published review. 

In the first study, a detached-berry experiment was conducted on table grape cultivars ‘Aki 

Queen’ and ‘Ruby Roman’ using three constant incubating temperatures (15, 25, 35 °C). 

Berries sampled at various phenological stages (between 35 and 65 days after flowering) 

were treated for a period of 10 days and then analysed. Interestingly, berries treated prior 

to véraison suffered severe heat injuries at 35 °C and even at 25 °C, while no damage was 

observed after véraison at any temperature. These findings show how sensitive table grapes 

can be to high temperature, and in particular during early berry development. For the 

berries incubated just before and at véraison, 35 °C led to lower anthocyanin concentration 

compared to 25 °C in most cases. Profile changes were observed with a reduction of 

trihydroxylated anthocyanin proportion, highly significant in Ruby Roman but not at every 

phenological stage for Aki Queen. In addition, a reduction in the proportion of methylated 

forms was also observed under high temperature compared to 25 °C. The latter is in 

contrast with previous findings where methylated forms have been suggested as more 

stable. The chemical changes observed were in accordance with lower expression levels of 

genes involved in the addition of the third hydroxyl group on the flavonoid B-ring such as 

flavonoid 3',5'-hydroxylase (F3’5’H) and in the methylation of anthocyanins under high 

temperature. However, the expression of MYBA1 which regulates anthocyanin biosynthesis 

was increased under high temperature.  

In the second study, the experiment was conducted on Cabernet Sauvignon under field 

conditions and the temperature was increased by an average of 1.5 °C from fruit set until 

maturity with open top chambers. Only day temperature was manipulated via the use of 

passive heating. The actual maximum temperature reached by the berries under heated 

conditions was not reported but could have differed by up to 5 °C from control under clear 

sky conditions. At harvest, total anthocyanins were significantly reduced over the two 

seasons with major changes in profile and a significant decrease in dihydroxylated forms 

and in the ratio of di- versus trihydroxylated. These results are in accordance with previous 

findings where total anthocyanins were reduced in Cabernet Sauvignon bunches heated for 

a shorter period (14 days) at higher temperature (Lecourieux et al., 2017). Anthocyanin 

hydroxylation was also impacted when high temperature (+10 °C) was applied in the early 

morning and late evening in Pinot Noir (Mori et al., 2007). Apart from free flavan-3-ols 
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and dimers, for which no differences were found in both skin and seeds at harvest, no 

polymeric tannin analyses were conducted in this study. However, concentrations of free 

flavan-3-ols were significantly higher for the heated berries during véraison. Although 

more details of mean and maximum temperatures around véraison in the published article 

would have assisted the interpretation, the heating treatment during the 2015 season seems 

to have been more intense, particularly in July. Higher temperature around véraison, which 

is the most sensitive period for anthocyanin biosynthesis, could have also impacted on 

flavan-3-ol production which spikes during that specific stage (Kennedy et al., 2000).  

In addition to studies investigating elevated and/or extreme temperatures on red varieties, 

interest is now moving to white varieties and impact on flavonoids (all except 

anthocyanins) with studies using open top chambers on Riesling (Brandt et al., 2019). 

Further research is also conducted on cooler temperatures in relation to these compounds. 

For instance, the study from Gaiotti et al. (2018) showed that cool nights enhanced 

anthocyanin biosynthesis.  

Finally, another recent study collected data over a decade to perform long-term modelling 

on Pinot Noir. Although a direct temperature manipulation was not implemented, 10 years 

of data are providing strong evidence for the effect of several parameters, including 

temperature, on tannin composition. An increase in tannin concentration at véraison under 

warmer conditions during berry development was observed, as well as an increase in 

anthocyanins when conditions were warmer after véraison (Blank et al., 2019). 

Overall, new findings are providing more knowledge on anthocyanin responses to 

temperature variations. Increasing interest for flavonols in red varieties is occurring, but 

for white grapes, knowledge is limited, and further research is required. Lastly, additional 

knowledge on flavan-3-ols and tannins was gained but probably due to the complexity of 

their analyses, Wu et al. (2019) only focused on free flavan-3-ols and dimers.  

1.2.4. Review of selected literature on tannin extractability and wine composition 

While the body of knowledge on grape flavonoid biochemistry responses to temperature is 

substantial, the potential effect on extractability and subsequent wine composition has been 

less studied. Recently, a few winemaking trials using small scale ferments (1 to 25 kg) have 

assessed the effect of Shiraz berry shrivel due to dehydration, to which temperature, among 

other factors, could have contributed. Shrivelled Shiraz berry composition was 

substantially altered but with minimal impact on the subsequent wine colour and phenolic 
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parameters (Chou et al., 2018; Šuklje et al., 2016). Model wine and alcohol solutions can 

also be used to assess the amount of flavonoids extractable into the wine. This method has 

improved the understanding of factors impacting on extractability, with grape sugar and 

level of alcohol being the main parameters (Bindon et al., 2014; Fournand et al., 2006). In 

grapes, tannins can also be retained due to interactions with cell wall polysaccharides, as 

well as proteins and other phenolics (Bindon et al., 2012; Bindon et al., 2017; Hanlin et al., 

2010; Hernández-Jiménez et al., 2012; Kennedy et al., 2002). In addition, bound tannins in 

the pulp seem to become more extractable when anthocyanins are present in the medium, 

potentially increasing tannin concentration in wine (Bindon et al., 2017). 

Besides, as highlighted by Rousserie et al. (2019), berry structural and cellular integrity is 

one of the least understood parameters. Berry integrity can be impacted by crushing berries 

compared to whole berries (Cerpa-Calderón & Kennedy, 2008) or by processes such as 

freezing (Threlfall et al., 2006). On the other hand, cellular integrity relates to cell wall 

structure or cell death/vitality and these two cellular parameters have been found to be 

affected by elevated temperatures (Bonada et al., 2013a; Bonada et al., 2013b; Lecourieux 

et al., 2017; Rienth et al., 2014). In addition, skin mechanical properties (thickness, 

hardness) have been the most studied parameters when looking at phenolics, especially 

anthocyanin extractability, with increased extraction for thinner or harder skin (Rolle et al., 

2012; Rolle et al., 2009; Segade et al., 2011; Zsófi et al., 2014). However, seed ripeness 

appears more complex to assess objectively and little is known on the potential effect of 

abiotic factors on seed flavan-3-ol and tannin extractability (Rousserie et al., 2019). Finally, 

in the winery, several parameters can be optimised to improve phenolic extraction 

including tannins from grapes to wine such as longer maceration time, higher fermentation 

temperature, use of enzyme or cold soaking pre-fermentation (Jordão & Cosme, 2017; 

Rousserie et al., 2019). 

1.2.5. Summary of the gaps in the literature 

With more than 60 years of research on rising temperature, increasing exponentially since 

2000 (Bonada & Sadras, 2015), as well as flavonoids being very topical compounds, gaps 

in the literature were very narrow. The literature review clearly showed that elevated 

temperature and spells of high temperature around véraison, were the most studied 

parameters for grapes. The first gap identified was a lack of investigations on higher 

temperature ranges (above 40 °C). In addition, less attention has been given to earlier berry 

development stages such as post-fruit set, probably due to the difficulty of sampling and 



 

 

36 

 

analysing small berries. This was likely compounded by the main interest for compounds 

directly contributing to red wine colour, the anthocyanins, that are synthesised from 

véraison. More targeted studies are thus required to establish the impact of temperature on 

berry development and composition, especially on more complex phenolic compounds 

such as tannins. These compounds are similarly important contributors to grape and wine 

quality and in particular, are responsible for wine mouthfeel and colour stabilisation by co-

pigmentation with other flavonoids, such as anthocyanins. They are synthesised from 

before flowering up until véraison with maximum gene expression around flowering/fruit-

set (e.g. leucoanthocyanidin dioxygenase (LDOX) and anthocyanidin reductase (ANR) in 

seed) or around véraison (e.g. LDOX in skin and leucoanthocyanidin reductase 2 (LAR2) 

in seed) (Bogs et al., 2005). Tannin concentrations reach a maximum just before véraison, 

followed by a tannin maturation phase, where concentrations decline. If temperature 

impacts on their biosynthesis, it would most likely be before, at, and/or just after flowering. 

While research has already shown a significant impact of high temperature on fruit-set 

(Dunn & Martin, 2000; Pagay & Collins, 2017), extremes (above 40 °C) before or at 

flowering would lead to a very poor or no fruit-set. Thus, berry pea size should be the first 

stage to be studied to assess the effect of high and extreme high temperatures on 

metabolites, when berries are large enough to be peeled. 

Another gap identified during the review was the lack of knowledge around tannin 

biosynthesis despite several decades of research. The first steps of the pathways with 

flavan-3-ol biosynthesis have been identified but polymerisation and galloylation processes 

are not yet fully understood. While the molecular biology aspect of such research was 

beyond the scope of this project, identifying abiotic factors that could impact on these 

processes in the berries may help towards gene identification. 

Based on published research and personal communications, the overall impression to date 

has been that tannins are not directly impacted by temperature. However, the specific 

effects of temperature are not easy to target experimentally, and have not always been the 

sole consideration in previous studies. In addition, artefacts could have biased reported 

observations due to the complexity in separating light and temperature effects, and not all 

temperature-related parameters have been investigated. These compounds have also 

proved challenging to analyse, but recent improvements in instrumentation and analytical 

methods now allow the analysis of less abundant flavan-3-ols, thereby contributing to new 

knowledge. 
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Finally, while more information has been brought to the scientific community around 

parameters affecting tannin extractability, further research is required on the potential 

effect of high temperature in both skin and seeds to predict how extraction could be 

impacted by changes in berry and cell structural integrity following extreme weather. 

1.3. Aims and structure of the thesis 

The aim of this project was to employ direct methods to manipulate temperature only, 

mimicking heatwave conditions, and to focus on different temperature-related parameters 

such as duration and intensity to determine if tannins in grape berries are impacted (directly 

or indirectly) by high temperatures. This project also aimed to investigate the underlying 

responses from potential changes in biosynthesis via structural modifications, degradation 

and extraction of tannins within the berry. Specifically, the work addressed the following 

questions: 

Aim 1. Is tannin accumulation sensitive to temperature and if so, which parameter(s) 

influence(s) berry tannin composition, including treatment level (bunch or whole vine), 

phenological stage, duration, intensity, frequency, timing of heatwaves with relative 

contribution of day and/or night, and berry acclimation? 

Aim 2. Which processes are impacted: monomer production (flavan-3-ols) and/or degree 

of galloylation/polymerisation?  

Aim 3. Are tannins indirectly affected by a general decrease of metabolism, directly 

impacted by changes in primary or secondary precursors synthetised along the 

phenylpropanoid pathway, and/or are they degraded? 

Aim 4. Are differences observed in berries after a short but intense heat stress carried all 

the way through until maturity and reflected in the subsequent wine?  

The thesis addresses the aims of the study across five chapters which contain several peer-

reviewed journal articles. The literature review and three research articles (experiments 

conducted during the 2016/17 growing season) have been published while two articles are 

under preparation (experiments conducted during the 2018/19 growing season). The 

experiments are summarised on Figure 2 and the thesis contains the following chapters: 

• Chapter 1 introduces the project, with background and aims, and outlines the thesis 

structure. It also contains a published literature review which brings together results from 

numerous studies investigating the sole effect of high temperature on grape berry 

flavonoids, including tannins. 
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• Chapter 2 is focused on a research article investigating the effect of high day and/or night 

temperature during berry development at the whole-vine level. Detailed tannin analysis as 

well as primary and secondary metabolite analyses were performed on berries throughout 

development and ripening. 

• Chapter 3 focuses on the effect of high and extreme high temperature during berry 

ripening with one experiment at the bunch level and another at the whole-vine level. 

Flavonoids, including detailed tannins, were of interest in these studies and were measured 

during berry ripening, at maturity and/or in the subsequent wine. 

• Chapter 4 combines two complementary experiments on the impact of high temperature 

applied during berry development at the bunch level. Detailed tannin analyses from berry 

set until maturity, as well as extractability assays using aqueous alcohol at maturity, were 

conducted. 

• Chapter 5 provides an overall discussion on the effect of high and extreme high 

temperatures on berry tannin composition and extractability, followed by the conclusions 

of the thesis and future work.  

Figure 2. Graphical summary of the experimental parameters tested throughout the project: 

effect of treatment level, phenological stage, timing, intensity, frequency on berry tannin 

accumulation during berry development and ripening, and extractability at maturity. 



 

 

39 

 

References 

Aron, A. R. (2019, 2019/09/03/). The Climate Crisis Needs Attention from Cognitive 

Scientists. Trends in Cognitive Sciences. 

https://doi.org/10.1016/j.tics.2019.08.001  

 

Bindon, K., Bacic, A., & Kennedy, J. (2012). Tissue-specific and developmental 

modifications of grape cell walls influence the adsorption of proanthocyanidins. 

Journal of Agricultural and Food Chemistry, 60(36), 9249-9260. 

https://doi.org/10.1021/jf301552t  

 

Bindon, K., Madani, S. H., Pendleton, P., Smith, P., & Kennedy, J. (2014). Factors 

affecting skin tannin extractability in ripening grapes. Journal of Agricultural and 

Food Chemistry, 62(5), 1130-1141. https://doi.org/10.1021/jf4050606  

 

Bindon, K. A., Kassara, S., & Smith, P. A. (2017). Towards a model of grape tannin 

extraction under wine‐like conditions: the role of suspended mesocarp material 

and anthocyanin concentration. Australian Journal of Grape and Wine Research, 

23(1), 22-32. https://doi.org/10.1111/ajgw.12258  

 

Blank, M., Hofmann, M., & Stoll, M. (2019). Seasonal differences in Vitis vinifera L. cv. 

Pinot noir fruit and wine quality in relation to climate. OENO One, 53(2). 

https://doi.org/10.20870/oeno-one.2019.53.2.2427  

 

Bogs, J., Downey, M. O., Harvey, J. S., Ashton, A. R., Tanner, G. J., & Robinson, S. P. 

(2005). Proanthocyanidin synthesis and expression of genes encoding 

leucoanthocyanidin reductase and anthocyanidin reductase in developing grape 

berries and grapevine leaves. Plant Physiology, 139(2), 652-663. 

https://doi.org/10.1104/pp.105.064238  

 

Bonada, M., Sadras, V., Moran, M., & Fuentes, S. (2013a, Nov). Elevated temperature 

and water stress accelerate mesocarp cell death and shrivelling, and decouple 

sensory traits in Shiraz berries [journal article]. Irrigation Science, 31(6), 1317-

1331. https://doi.org/10.1007/s00271-013-0407-z  

 

Bonada, M., & Sadras, V. O. (2015, Feb). Review: critical appraisal of methods to 

investigate the effect of temperature on grapevine berry composition. Australian 

Journal of Grape and Wine Research, 21(1), 1-17. 

https://doi.org/10.1111/ajgw.12102  

 

Bonada, M., Sadras, V. O., & Fuentes, S. (2013b). Effect of elevated temperature on the 

onset and rate of mesocarp cell death in berries of Shiraz and Chardonnay and its 

relationship with berry shrivel. Australian Journal of Grape and Wine Research, 

19(1), 87-94. https://doi.org/10.1111/ajgw.12010  

 

Brandt, M., Scheidweiler, M., Rauhut, D., Patz, C.-D., Will, F., Zorn, H., & Stoll, M. 

(2019, 05/23). The influence of temperature and solar radiation on phenols in 

https://doi.org/10.1016/j.tics.2019.08.001
https://doi.org/10.1021/jf301552t
https://doi.org/10.1021/jf4050606
https://doi.org/10.1111/ajgw.12258
https://doi.org/10.20870/oeno-one.2019.53.2.2427
https://doi.org/10.1104/pp.105.064238
https://doi.org/10.1007/s00271-013-0407-z
https://doi.org/10.1111/ajgw.12102
https://doi.org/10.1111/ajgw.12010


 

 

40 

 

berry skin and maturity parameters of Vitis vinifera L. cv. Riesling. OENO One, 

53(2). https://doi.org/10.20870/oeno-one.2019.53.2.2424  

 

Bureau of Meteorology. Climate change – trends and extremes. Retrieved 30/09/2019 

from 

http://www.bom.gov.au/climate/change/index.shtml#tabs=Tracker&tracker=times

eries&tQ=graph%3Dtmax%26area%3Dnsw%26season%3D0911%26ave_yr%3D

0 

 

Bureau of Meteorology. Daily Extremes. Retrieved 25/02/2019 from 

http://www.bom.gov.au/cgi-bin/climate/extremes/daily_extremes.cg 

 

Bureau of Meteorology. Long-term temperature record 

http://www.bom.gov.au/climate/change/hqsites/data/temp/tmax.072150.daily.csv  

 

Cerpa-Calderón, F. K., & Kennedy, J. A. (2008). Berry integrity and extraction of skin 

and seed proanthocyanidins during red wine fermentation. Journal of Agricultural 

and Food Chemistry, 56(19), 9006-9014. https://doi.org/10.1021/jf801384v  

 

Chou, H.-C., Šuklje, K., Antalick, G., Schmidtke, L. M., & Blackman, J. W. (2018). 

Late-season Shiraz berry dehydration that alters composition and sensory traits of 

wine. Journal of Agricultural and Food Chemistry, 66(29), 7750-7757. 

https://doi.org/10.1021/acs.jafc.8b01646  

 

Coombe, B. (1987). Influence of temperature on composition and quality of grapes. Acta 

Horticulturae, 206, 23-35. https://doi.org/10.17660/ActaHortic.1987.206.1  

 

Dry, P., Maschmedt, D., Anderson, C., Riley, E., Bell, S., & Goodchild, W. (2004). The 

grapegrowing regions of Australia. In P. R. Dry & B. G. Coombe (Eds.), 

Viticulture. Volume 1 – Resources (2nd ed.). Winetitles: Adelaide.  

 

Dunn, G. M., & Martin, S. R. (2000). Do temperature conditions at budburst affect flower 

number in Vitis vinifera L. cv. Cabernet Sauvignon? Australian Journal of Grape 

and Wine Research, 6(2), 116-124. https://doi.org/10.1111/j.1755-

0238.2000.tb00169.x  

 

Fournand, D., Vicens, A., Sidhoum, L., Souquet, J.-M., Moutounet, M., & Cheynier, V. 

(2006). Accumulation and extractability of grape skin tannins and anthocyanins at 

different advanced physiological stages. Journal of Agricultural and Food 

Chemistry, 54(19), 7331-7338. https://doi.org/10.1021/jf061467h  

 

Gaiotti, F., Pastore, C., Filippetti, I., Lovat, L., Belfiore, N., & Tomasi, D. (2018). Low 

night temperature at veraison enhances the accumulation of anthocyanins in 

Corvina grapes (Vitis Vinifera L.). Scientific Reports (Nature Publisher Group), 8, 

1-13. https://doi.org/10.1038/s41598-018-26921-4  

https://doi.org/10.20870/oeno-one.2019.53.2.2424
http://www.bom.gov.au/climate/change/index.shtml#tabs=Tracker&tracker=timeseries&tQ=graph%3Dtmax%26area%3Dnsw%26season%3D0911%26ave_yr%3D0
http://www.bom.gov.au/climate/change/index.shtml#tabs=Tracker&tracker=timeseries&tQ=graph%3Dtmax%26area%3Dnsw%26season%3D0911%26ave_yr%3D0
http://www.bom.gov.au/climate/change/index.shtml#tabs=Tracker&tracker=timeseries&tQ=graph%3Dtmax%26area%3Dnsw%26season%3D0911%26ave_yr%3D0
http://www.bom.gov.au/cgi-bin/climate/extremes/daily_extremes.cg
http://www.bom.gov.au/climate/change/hqsites/data/temp/tmax.072150.daily.csv
https://doi.org/10.1021/jf801384v
https://doi.org/10.1021/acs.jafc.8b01646
https://doi.org/10.17660/ActaHortic.1987.206.1
https://doi.org/10.1111/j.1755-0238.2000.tb00169.x
https://doi.org/10.1111/j.1755-0238.2000.tb00169.x
https://doi.org/10.1021/jf061467h
https://doi.org/10.1038/s41598-018-26921-4


 

 

41 

 

 

Gao-Takai, M., Katayama-Ikegami, A., Matsuda, K., Shindo, H., Uemae, S., & Oyaizu, 

M. (2019). A low temperature promotes anthocyanin biosynthesis but does not 

accelerate endogenous abscisic acid accumulation in red-skinned grapes. Plant 

Science. https://doi.org/10.1016/j.plantsci.2019.01.015  

 

Hall, A., & Jones, G. V. (2010). Spatial analysis of climate in winegrape‐growing regions 

in Australia. Australian Journal of Grape and Wine Research, 16(3), 389-404. 

https://doi.org/10.1111/j.1755-0238.2010.00100.x  

 

Hanlin, R., Hrmova, M., Harbertson, J., & Downey, M. (2010). Review: Condensed 

tannin and grape cell wall interactions and their impact on tannin extractability 

into wine. Australian Journal of Grape and Wine Research, 16(1), 173-188. 

https://doi.org/10.1111/j.1755-0238.2009.00068.x  

 

Hernández-Jiménez, A., Kennedy, J. A., Bautista-Ortín, A. B., & Gómez-Plaza, E. 

(2012). Effect of ethanol on grape seed proanthocyanidin extraction. American 

Journal of Enology and Viticulture, 63(1), 57-61. 

https://doi.org/10.5344/ajev.2011.11053  

 

Jordão, A. M., & Cosme, F. (2017). Characterization and quantification of 

proanthocyanidins in grapes and wines: a review. In J. C. Taylor (Ed.), Advances 

in Chemistry Research (Vol. 36, pp. 1-40). Nova Science Publishers, Inc.  

 

Kennedy, J. A., Matthews, M. A., & Waterhouse, A. L. (2002). Effect of maturity and 

vine water status on grape skin and wine flavonoids. American Journal of 

Enology and Viticulture, 53(4), 268-274.  

 

Kennedy, J. A., Troup, G. J., Pilbrow, J. R., Hutton, D. R., Hewitt, D., Hunter, C. R., 

Ristic, R., Iland, P. G., & Jones, G. P. (2000). Development of seed polyphenols 

in berries from Vitis vinifera L. cv. Shiraz. Australian Journal of Grape and Wine 

Research, 6(3), 244-254. https://doi.org/10.1111/j.1755-0238.2000.tb00185.x  

 

Lecourieux, F., Kappel, C., Pieri, P., Charon, J., Pillet, J., Hilbert, G., Renaud, C., 

Gomès, E., Delrot, S., & Lecourieux, D. (2017). Dissecting the biochemical and 

transcriptomic effects of a locally applied heat treatment on developing Cabernet 

Sauvignon grape berries. Frontiers in Plant Science, 8, 53. 

https://doi.org/10.3389/fpls.2017.00053  

 

Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, 

W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, 

X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, & Waterfield, T. 

(2018). IPCC, 2018: Global Warming of 1.5°C.An IPCC Special Report on the 

impacts of global warming of 1.5°C above pre-industrial levels and related global 

greenhouse gas emission pathways, in the context of strengthening the global 

response to the threat of climate change, sustainable development, and efforts to 

eradicate poverty  

https://doi.org/10.1016/j.plantsci.2019.01.015
https://doi.org/10.1111/j.1755-0238.2010.00100.x
https://doi.org/10.1111/j.1755-0238.2009.00068.x
https://doi.org/10.5344/ajev.2011.11053
https://doi.org/10.1111/j.1755-0238.2000.tb00185.x
https://doi.org/10.3389/fpls.2017.00053


 

 

42 

 

 

Meehl, G. A., Hu, A., & Teng, H. (2016, 2016/06/02). Initialized decadal prediction for 

transition to positive phase of the Interdecadal Pacific Oscillation. Nature 

Communications, 7(1), 11718. https://doi.org/10.1038/ncomms11718  

 

Mildrexler, D. J., Zhao, M., & Running, S. W. (2006). Where are the hottest spots on 

Earth? Eos, Transactions American Geophysical Union, 87(43), 461-467. 

https://doi.org/10.1029/2006EO430002  

 

Mori, K., Goto-Yamamoto, N., Kitayama, M., & Hashizume, K. (2007). Effect of high 

temperature on anthocyanin composition and transcription of flavonoid 

hydroxylase genes in ‘Pinot noir’grapes (Vitis vinifera). The Journal of 

Horticultural Science and Biotechnology, 82(2), 199-206. 

https://doi.org/10.1080/14620316.2007.11512220  

 

NOAA National Centers for Environmental Information. (2019, Published online 

September 2019). State of the Climate: Global Climate Report for June 2019. 

https://www.ncdc.noaa.gov/sotc/global/201906 

 

Pagay, V., & Collins, C. (2017). Effects of timing and intensity of elevated temperatures 

on reproductive development of field-grown Shiraz grapevines. OENO One, 

51(4), 409-421. https://doi.org/10.20870/oeno-one.2017.51.4.1066  

 

Perkins, S. E. (2015). Scorcher. Retrieved 02/02/2019 from http://scorcher.org.au 

 

Perkins, S. E., & Alexander, L. V. (2013). On the measurement of heat waves. Journal of 

Climate, 26(13), 4500-4517. https://doi.org/10.1175/JCLI-D-12-00383.1  

 

Rienth, M., Torregrosa, L., Luchaire, N., Chatbanyong, R., Lecourieux, D., Kelly, M. T., 

& Romieu, C. (2014). Day and night heat stress trigger different transcriptomic 

responses in green and ripening grapevine (Vitis vinifera) fruit. BMC Plant 

Biology, 14(108). https://doi.org/10.1186/1471-2229-14-108  

 

Robinson, P. J. (2001). On the Definition of a Heat Wave. Journal of Applied 

Meteorology, 40(4), 762-775. https://doi.org/10.1175/1520-

0450(2001)040<0762:OTDOAH>2.0.CO;2  

 

Rolle, L., Torchio, F., Ferrandino, A., & Guidoni, S. (2012). Influence of wine-grape skin 

hardness on the kinetics of anthocyanin extraction. International Journal of Food 

Properties, 15(2), 249-261. https://doi.org/10.1080/10942911003778022  

 

Rolle, L., Torchio, F., Giacosa, S., & Gerbi, V. (2009). Modifications of mechanical 

characteristics and phenolic composition in berry skins and seeds of Mondeuse 

winegrapes throughout the on‐vine drying process. Journal of the Science of Food 

and Agriculture, 89(11), 1973-1980. https://doi.org/10.1002/jsfa.3686  

https://doi.org/10.1038/ncomms11718
https://doi.org/10.1029/2006EO430002
https://doi.org/10.1080/14620316.2007.11512220
https://www.ncdc.noaa.gov/sotc/global/201906
https://doi.org/10.20870/oeno-one.2017.51.4.1066
http://scorcher.org.au/
https://doi.org/10.1175/JCLI-D-12-00383.1
https://doi.org/10.1186/1471-2229-14-108
https://doi.org/10.1175/1520-0450(2001)040
https://doi.org/10.1175/1520-0450(2001)040
https://doi.org/10.1080/10942911003778022
https://doi.org/10.1002/jsfa.3686


 

 

43 

 

 

Rousserie, P., Rabot, A., & Geny-Denis, L. (2019). From flavanols biosynthesis to wine 

tannins: what place for grape seeds? Journal of Agricultural and Food Chemistry, 

67(5), 1325-1343. https://doi.org/10.1021/acs.jafc.8b05768  

 

Segade, S. R., Giacosa, S., Gerbi, V., & Rolle, L. (2011). Berry skin thickness as main 

texture parameter to predict anthocyanin extractability in winegrapes. LWT-Food 

Science and Technology, 44(2), 392-398. 

https://doi.org/10.1016/j.lwt.2010.09.004  

 

Šuklje, K., Zhang, X., Antalick, G., Clark, A. C., Deloire, A., & Schmidtke, L. M. (2016, 

2016/02/03). Berry Shriveling Significantly Alters Shiraz (Vitis vinifera L.) Grape 

and Wine Chemical Composition. Journal of Agricultural and Food Chemistry, 

64(4), 870-880. https://doi.org/10.1021/acs.jafc.5b05158  

 

Threlfall, R., Main, G., & Morris, J. (2006). Effect of freezing grape berries and heating 

must samples on extraction of components and composition parameters of red 

wine grape varieties. Australian Journal of Grape and Wine Research, 12(2), 161-

169. https://doi.org/10.1111/j.1755-0238.2006.tb00056.x  

 

Webb, L., Whiting, J., Watt, A., Hill, T., Wigg, F., Dunn, G., Needs, S., & Barlow, E. W. 

R. (2010, 2010/11/01). Managing Grapevines through Severe Heat: A Survey of 

Growers after the 2009 Summer Heatwave in South-eastern Australia. Journal of 

Wine Research, 21(2-3), 147-165. https://doi.org/10.1080/09571264.2010.530106  

 

Wu, J., Drappier, J., Hilbert, G., Guillaumie, S., Dai, Z., Geny, L., Delrot, S., Darriet, P., 

Thibon, C., & Pieri, P. (2019). The effects of a moderate grape temperature 

increase on berry secondary metabolites. OENO One, 53(2). 

https://doi.org/10.20870/oeno-one.2019.53.2.2434  

 

Xu, Y., Ramanathan, V., & Victor, D. G. (2018). Global warming will happen faster than 

we think. Nature, 564, 30–32 https://doi.org/10.1038/d41586-018-07586-5  

 

Zsófi, Z., Villangó, S., Pálfi, Z., Tóth, E., & Bálo, B. (2014). Texture characteristics of 

the grape berry skin and seed (Vitis vinifera L. cv. Kékfrankos) under 

postveraison water deficit. Scientia Horticulturae, 172, 176-182. 

https://doi.org/10.1016/j.scienta.2014.04.008  

 

 

https://doi.org/10.1021/acs.jafc.8b05768
https://doi.org/10.1016/j.lwt.2010.09.004
https://doi.org/10.1021/acs.jafc.5b05158
https://doi.org/10.1111/j.1755-0238.2006.tb00056.x
https://doi.org/10.1080/09571264.2010.530106
https://doi.org/10.20870/oeno-one.2019.53.2.2434
https://doi.org/10.1038/d41586-018-07586-5
https://doi.org/10.1016/j.scienta.2014.04.008


 

 

44 

 

Chapter 2 – Whole-vine heating experiment during berry development 

Gouot, JC, Smith, JP, Holzapfel, BP, & Barril, C. (2019). Single and cumulative effects 

of whole-vine heat events on Shiraz berry composition. 

Submitted to OENO One: 10 March 2019 

Accepted: 5 April 2019 

Published online: 10 May 2019 

  



 

 

45 

 

2.1 Introductory Comments 

Increasing climate variability, with more frequent heatwaves, is a threat for viticulture in 

Australia where a large proportion of vineyards are located in already warm and hot 

regions. Grapevines may be exposed to abnormal high temperatures prior to véraison and 

such events could affect berry development and metabolite biosynthesis occurring during 

this phase. Chapter 2 examines the effect of high temperature exposure at the whole-vine 

level (Figure 3). Treatments were applied during berry development for two consecutive 

three-day/night periods at a two-week interval. Vines were heated at the end of fruit set 

(E-L 31) and again prior to véraison (E-L 32/33) in a combination of treatments to test 

the effect of a single heat event (HE), and the additive effects of repeated HEs, using a 

factorial design. Aligned with Aim 1, several parameters, such as frequency, timing of 

heatwave and berry acclimation were investigated. For publication and aligned with Aims 

2 and 3, a wide range of primary and secondary metabolites were also analysed.  

Figure 3. Graphical summary of the experiments conducted in Chapter 2. 
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2.2. Research paper – Single and cumulative effects of whole-vine heat events on 

Shiraz berry composition 
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3.1 Introductory comments 

Chapter 3 examines the effect of more extreme temperatures (above 50 °C) during berry 

ripening, just after véraison when berries turned red (E-L 36), and combines two 

experiments, conducted at two different levels (Figure 4). The first experiment used 

individual systems to heat bunches without affecting their exposure. Two temperature-

related parameters, intensity and duration of exposure, were assessed using a Doehlert 

design, which is used for multivariate analysis and to determine combined effects between 

parameters. This experiment provided answers to Aims 1, 2 and 3. In addition, another 

potted-vine experiment was conducted to evaluate the potential impact of heat-damaged 

berries when included into the winemaking process. Damaged berries were artificially 

produced after an intense heat treatment at the whole-vine level, right before the end of 

ripening. A micro-scale fermentation trial (1 kg) was used to produce three different 

wines using different percentages of shrivelled berries from 0 to 20% (in mass) and 

phenolic composition after fermentation was assessed. This experiment was conducted to 

contribute to answer Aim 4. 

 

Figure 4. Graphical summary of the experiments conducted in Chapter 3. 
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3.2. Research paper – Grape berry flavonoid responses to high bunch 

temperatures after véraison: effect of intensity and duration of exposure. 
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1An additional appendix was added p. 195 showing the polynomial regressions described in the 2.3 

last paragraph. 
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Table S1. Mean, maximum (max) and minimum (min) temperature (T), relative humidity (RH) and 

vapour pressure deficit (VPD) recorded during the treatment application for all treatments (temperature 

intensity: Amb, ambient temperature; +8.4, high temperature; +16.7, very high temperature and duration 

of exposure: varying between 3 and 39 h). 

Period Treatment 

Rate of 

treatment 

application 

Tmean 

(°C) 

Tmax 

(°C) 

Tmin 

(°C) 

RHmax 

(%) 

RHmin 

(%) 

VPDmax 

(kPa) 

VPDmin 

(kPa) 

(During the treatment application)  

Day 1 

(7AM-

8PM) 

Reference - 28.7 36.2 16.1 

54.4 25.1 

4.7 0.8 

 +8.4 °C for 21 h 4 h 35.9 41.5 27.9 6.3 0.8 

 +8.4 °C for 39 h 13 h 36.9 44.4 22.6 7.8 1.8 

 +16.7 °C for 30 h 8.5 h 44.6 50.9 30.7 10.9 0.8 

 +16.7 °C for 12 h Not applied 30.4 38.8 16.3 5.3 0.9 

 +8.4 °C for 3 h Not applied 29.6 36.6 16.5 5.0 0.9 

 Amb for 12 h Not applied 29.4 37.0 15.9 4.7 0.8 

 Amb1 for 30 h 8.5 h  28.9 32.1 23.3 3.3 1.0 

Day 2 

(7AM-

8PM) 

Reference - 30.8 37.0 18.1 

77.2 28.8 

4.6 0.5 

 +8.4 °C for 21 h 13 h 38.5 45.1 22.7 7.9 1.0 

 +8.4 °C for 39 h 13 h 40.8 46.7 23.7 8.9 1.4 

 +16.7 °C for 30 h 13 h 46.8 52.2 24.2 12.0 1.5 

 +16.7 °C for 12 h 12 h 49.9 55.1 27.4 13.9 0.7 

 +8.4 °C for 3 h 3 h 43.8 45.7 37.0 8.3 0.6 

 Amb1 for 12 h 12 h 31.2 35.9 20.4 4.3 0.5 

 Amb1 for 30 h 13 h 28.9 33.3 18.1 3.5 0.5 

Day 3 

(7AM-

8PM) 

Reference - 32.6 39.0 20.9 

66.6 26.5 

5.1 1.0 

 +8.4 °C for 21 h 4 h 36.5 43.5 26.1 6.8 1.7 

 +8.4 °C for 39 h 13 h 41.4 45.8 28.2 8.1 2.3 

 +16.7 °C for 30 h 8.5 h 48.3 52.1 29.7 12.4 1.9 

 +16.7 °C for 12 h Not applied 34.9 40.9 21.6 6.0 1.2 

 +8.4 °C for 3 h Not applied 33.3 37.9 21.3 5.1 1.1 

 Amb for 12 h Not applied 33.0 38.7 20.7 5.0 1.0 

 Amb1 for 30 h 8.5 h 32.1 35.2 21.0 5.2 1.0 
1Fan blowing air at ambient temperature 
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Table S2. List of quantified compounds, MRM parameters such as ionisation mode (+: positive; -: negative), transition ions used 

(m/z: mass over charge; P: precursors, Qt: quantifiers, Ql: qualifier), retention time (RT) and calibration range. Compound 

abbreviations: Ac: acetyl; Cou: coumaroyl; Caff: caffeoyl; Glc: glucoside; Glucu: glucuronide; C: (+)-catechin; EC: (-)-epicatechin; 

ECG: (-)-epicatechin gallate; GC: (+)-gallocatechin; EGC: (-)-epigallocatechin; Xterm: X terminal subunit; Xup: X upper subunit; 

AA: amino acids; OT: others; HB: hydroxybenzoic acids; HC: hydroxycinnamic acids. 

 

F
am

il
y

 

Compounds 
Ionisation 

Mode 

Ions for MRM 

Calibration range m/z 

(P) 

m/z 

(Qt) 

m/z 

(Ql) 
RT 

N
A

T
IV

E
 A

N
T

H
O

C
Y

A
N

IN
S

 

Delphinidin-3-O-Glc + 465.2 303.1 229.0 12.5 

As malvidin-3-O-

glucoside eq. (0.01-250 

mg/L) 

y = -151.67x2 + 191995x + 

79580 

R² = 0.999 

Cyanidin-3-O-Glc + 449.2 287.1 137.2 13.6 

Petunidin-3-O-Glc + 479.2 317.2 302.3 14.2 

Peonidin-3-O-Glc + 463.2 301.2 286.1 14.8 

Malvidin-3-O-Glc + 493.2 331.2 315.0 15.1 

Delphinidin-3-O-AcGlc + 507.2 303.0 229.0 16.1 

Cyanidin-3-O-AcGlc + 491.2 287.1 137.0 17.2 

Petunidin-3-O-AcGlc + 521.2 317.2 302.3 17.6 

Peonidin-3-O-AcGlc + 505.2 301.1 286.2 19.2 

Malvidin-3-O-AcGlc + 535.2 331.2 315.0 19.5 

Delphinidin-3-O-CouGlc1 + 611.2 303.1 229.1 
18.2; 

21.1 

Cyanidin-3-O-CouGlc1 + 595.2 287.2 157.1 
20.1; 

23.1 

Petunidin-3-O-CouGlc1 + 625.2 317.2 302.3 
21.0; 

23.4 

Peonidin-3-O-CouGlc1 + 609.2 301.2 286.2 
22.9; 

24.0 

Malvidin-3-O-CouGlc1 + 639.2 331.2 315.2 
23.0; 

24.3 

Pelargonidin-3-O-CouGlc1 + 579.0 271.0 / 
22.3; 

24.0 

Peonidin-3-O-CaffGlc + 625.2 301.2 286.0 22.3 

Malvidin-3-O-CaffGlc + 655.2 331.2 315.1 22.4 

P
Y

R
A

N
O

 

A
N

T
H

O
 Pyranopeonidin-3-O-Glc + 487.2 325.1 310.2 15.4 

Pyranomalvidin-3-O-Glc + 517.2 355.1 339.2 16.0 

Carboxypyranopeonidin-3-O-Glc + 531.2 369.2 297.2 15.9 

Carboxypyranomalvidin-3-O-Glc + 561.2 399.1 383.1 16.2 

F
L

A
V

O
N

O
L

S
  

 

Myricetin-3-O-Glucu + 495.2 319.1 89.1 15.0 

As quercetin-3-O-

glucoside eq. (0.02-100 

mg/L) 

y = -133.62x2 + 46653x - 

688.08 

R² = 1 

Myricetin-3-O-Glc + 481.2 319.1 123.1 15.2 

Quercetin-3-O-Glucu + 479.2 303.1 85.1 16.7 

Quercetin-3-O-Glc + 465.2 303.0 153.0 16.8 

Laricitin-3-O-Glc + 495.2 331.1 85.0 17.1 

Laricitin-3-O-Glucu + 509.5 331.4 / 17.3 

Kaempfero-3-O-Glucu + 449 287.3 153.0 19.1 

Kaempferol-3-O-Glc + 463.4 287.3 153.0 19.5 

Isorhamnetin-3-O-Glc + 479.5 317.4 153.0 19.6 

Syringetin-3-O-Glc + 509.1 347.0 287.0 19.9 
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Isorhamnetin-3-O-Glucu + 493.4 317.3 153.0 20.3 

Syringetin-3-O-Glucu + 523.1 347.0 287.0 20.7 

F
L

A
V

A
N

-3
-O

L
S

 (
fr

ee
) 

GC + 307.1 139.0 151.0 2.4 As EGC eq.  

(0.01-100 mg/L) 

y = -70.673x2 + 48437x + 

53642, R² = 0.9995 
EGC + 307.1 139.0 151.0 7.2 

C + 291.1 139.0 123.1 7.2 

As C eq. (0.01-100 mg/L) 

y = -90.02x2 + 40505x + 

50991, R² = 0.999 

EC + 291.1 139.0 123.1 11.9 

As EC eq. (0.01-100 mg/L) 

y = -33.646x2 + 34879x + 

100198, R² = 0.999 

ECG + 443.1 123.1 273.1 14.6 

As ECG eq. (0.01-150 

mg/L) 

y = -26.393x2 + 18993x + 

24049, R² = 0.9992 

Dimer B1 + 579.2 127.0 289.0 7.2 As dimer B2 eq. 

(0.01-30 mg/L) 

y = 10682x + 190.63, R² = 

0.9999 
Dimer B2 + 579.2 127.0 289.0 10.4 

A
A

 

Tyrosine + 182.0 136.1 165.1 1.1 

As tyrosine eq. (0.3-20 

mg/L) 

y = 289042x + 76529, R² = 

0.9985 

Phenylalanine + 166.1 120.1 103.1 2.8 

As phenylalanine eq. (0.3-

20 mg/L) 

y = 900088x + 371425, R² = 

0.9978 

O
T

 

Glutathione reduced + 308.1 179.0 162.0 0.7 

As glutathione reduced 

eq. 

(0.03-80 mg/L) 

y = 80668x + 77544, R² = 

0.999 

H
B

 

Caffeic acid - 179.0 135.0 79.0 7.5 As caffeic acid eq. (0.1-20 

mg/L) 

y = -663.17x2 + 43396x + 

2146, R² = 0.9998 

Coutaric acid2 - 295.1 163.1 119.1 7.3 

Fertaric acid - 325.0 193.0 149.0 9.9 

Caftaric acid2 - 311.0 179.0 149.0 4.7 

H
C

 

Gallic acid - 169.0 125.0 79.0 1.1 As gallic acid eq. (0.5-100 

mg/L) 

y = -58.333x2 + 13907x + 

1542.5, R² = 0.9999 

Glucogallin - 331.0 169.0 151 1.1 

P
R

O
A

N
T

H
O

C
Y

A
N

ID
IN

S
3
 

EGCup + 431.2 127.1 289.1 0.7 As EC eq.4 

(0.01-350 µmol/L) 

y = -10.485x2 + 11791x + 

1391 

R² = 1  

ECGup + 567.2 247.2 153.1 3.9 

Cup + 415.1 127.1 289.1 1.1 

ECup + 415.1 127.1 289.1 1.3 

Cterm + 291.1 139.0 123.1 2.9 

As C eq. (0.01-170 µmol/L) 

y = -21.657x2 + 17201x + 

89.378 

R² = 1 
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EGCterm + 307.1 139.0 151.0 2.8 As EGC eq. (0.01-170 

µmol/L) 

y = -18.776x2 + 20457x - 

1803.3 

R² = 1 

GCterm + 307.1 139.0 151.0 1.0 

ECterm + 291.1 139.0 123.1 5.9 As EC eq. 

ECGterm + 443.1 123.1 273.1 6.9 

As ECG eq. (0.01-170 

µmol/L) 

y = -10.636x2 + 7477.3x + 

189.96 

R² = 1 
1 cis and trans isomers  
2 co-eluted isomers 
3 tannin composition after cleavage of the polymer by phloroglucinolysis – different LC method to other polyphenols. 
4 concentrations calculated with correction values established between mass spectrometry and UV detectors 
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Abstract 

After a severe heatwave, early emergency harvests could be undertaken more often in the 

future to minimise yield loss by using damaged berries before they reach complete 

desiccation. This study assessed whether there were detrimental effects to wine 

composition with the inclusion of such fruit. The trial used small-scale ferments with 

different percentages of shrivelled berries from 0 to 20% by mass, which equates to 0 to 

50% (in number) in the vineyard. Heat damage was imposed by extreme high temperature 

exposure of potted Shiraz whole vines for two consecutive days at a berry maturity level 

around 20 °Brix. Damaged and undamaged berries, as well as wines made from the fruit, 

were analysed for a wide range of flavonoids expected to contribute to grape and wine 

quality. Wine colour density and anthocyanin concentration and composition were the 

parameters most impacted and were decreased upon inclusion of 20% of heat-damaged 

berries. While other flavonoids (tannins, flavonols, flavan-3-ols) were significantly 

reduced in the dessicated berries, there was no effect on their concentrations in the 

respective wines. 

 

Key words: Anthocyanin, Flavonoid, Heat, Shrivelled berry, Tannin, Wine colour 
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Introduction 

Heatwave definitions differ between locations within Australia but can be summarised as 

prolonged periods of unusually hot weather (Bureau of Meteorology). A decade of 

research dedicated to grapevine management during heatwaves has provided a range of 

strategies for Australian growers. From the start of the growing season, management 

practices can provide sufficient canopy growth to shade the fruiting zone, minimise heat 

reflection and/or increase soil water retention (Costa et al., 2019; Hayman. et al., 2012; 

Webb et al., 2010). Heatwaves can be forecasted by the heatwave service of the Bureau 

of Meteorology (BoM), and there are actions there are actions that can be taken in advance 

such as irrigating to refill the soil profile and then maintaining adequate water supply 

during the heatwave and after. Kaolin based particle films (Shellie & King, 2013) can be 

applied to help protect berries and leaves from excess radiation, and shade cloth (Caravia 

et al., 2016; Greer et al., 2010) can be installed through the hotter part of the seasons. In 

addition, techniques such as hydrocooling using undervine or overhead sprinklers 

(Caravia et al., 2017; Greer & Weedon, 2014; Paciello et al., 2016) can be used to reduce 

canopy and bunch temperatures.  

Should these measures not be applied in time or a heatwave be more severe than 

forecasted, damage may occur despite preventive actions and grape growers may face 

partial or complete crop loss in that season. This was the case during February 2009, when 

a severe summer heatwave was experienced across south eastern Australia and maximum 

temperature anomalies spanned +12 to 18 °C in some locations. Some growers who 

completed a follow-up survey reported that the heatwave was so severe that no grapes 

were harvested (Webb et al., 2009). Others observed that berries, suffering an extensive 

amount of damage, were completely desiccated and these were discarded using selective 

harvest machines or hand picking. Other scenarios included stalled development or early 

harvest with wines made from a mix of under ripe and damaged grapes and a loss of wine 

quality was anecdotally reported.  

In particular, Shiraz (Vitis vinifera L.) is well known for late-season dehydration which 

can impact on berry composition, and these symptoms can be accelerated under high 

temperature (Bonada, 2014; Bonada et al., 2013a; Bonada et al., 2013b). However, when 

these disorders have been investigated, changes in wine phenolics made from 100% 

shrivelled berries were reported as minimal (Chou et al., 2018; Šuklje et al., 2016). Under 

extreme heat stress, pedicel and rachis necrosis can appear quickly followed by rapid 
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berry desiccation (Gouot et al., 2019a). Therefore, in the situation of a severe heatwave 

occurring later in the ripening period, two different harvest plans could be implemented. 

First, harvest could be maintained as planned and damaged or completely desiccated 

berries discarded in order to make wine from only undamaged berries. Second, an early 

harvest including all berries (damaged and undamaged) could be undertaken before 

damaged berries desiccate in order to minimise yield loss. However, in the second 

scenario, damaged berries included into the wine may also have altered composition, as 

previously reported for flavonoids upon shrivelling after exposure to extreme high 

temperature (Gouot et al., 2019a). Hence, if used in the winemaking, the loss in berry 

flavonoids could be reflected into the subsequent wine. Therefore, the aim of this study 

was to determine if a mix of heat-damaged and undamaged berries significantly reduced 

wine quality, and to quantify whether any changes observed in wine were proportional to 

the percentage of heat-damaged berries. 

Materials and methods 

Chemical Reagents  

Ultrapure water was generated from a Milli-Q Plus purification system (18.2 MΩ cm, 

Merck Millipore, Bayswater, VIC, Australia). Methanol (HPLC grade, ≥99.9%), acetone 

(HPLC grade, 99.8%), formic acid (American Chemical Society reagent, ≥98%), 

trifluoroacetic acid (ReagentPlus®, 99%), phloroglucinol (HPLC grade, ≥99%), L-

ascorbic acid (reagent grade, ≥98%), ammonium formate (reagent grade, ≥99.9%), (−)-

epicatechin (≥90%), quercetin-3-O-glucoside (analytical standard, 98%), corticosterone 

(≥98.5%), ampicillin trihydrate (analytical standard, ≥98%), methyl cellulose (1500 cP), 

ammonium sulfate (ReagentPlus®, ≥99%), potassium metabisulfite (American Chemical 

Society reagent, ≥98-100.5%) were purchased from Sigma-Aldrich (Castle Hill, NSW, 

Australia). Hydrochloric acid (Trace SELECT, 34%–37%) was purchased from Chem-

Supply (Port Adelaide, SA, Australia), sodium hydroxide (1 M) from Thermo Fischer 

Scientific (Scoresby, VIC, Australia), hydrochloric acid (1.0 ± 0.01 M) from Rowe 

Scientific (Doveton, VIC, Australia) and malvidin-3-O-glucoside (≥99.9%) was obtained 

from Extrasynthese (Genay, France).  

Plant material and treatment application 

Fourteen 4-year-old Shiraz grapevines (V. vinifera L., clone PT23 NW889, rootstock 

1103 Paulsen) were grown in 50 L pots, filled with premium organic garden mix, in a 
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UV-transparent research glasshouse unit located at Charles Sturt University, Wagga 

Wagga (35° S, 147° E) from budburst to maturity. They were grown under standard 

viticultural practices for nutrition and pest and disease management. Vines were trained 

to 6 shoots, each trimmed to 8 leaves, and had a total number of bunches varying from 

four to seven. Close to harvest, when berries reached approximately 20 °Brix (E-L 38), 

four potted vines were moved to another bay of the same glasshouse where heat stress 

was generated for two days by increasing the temperature from 30 to 50 °C, before 

returning the vines to the initial bay with the non-heated vines. Tinytag Plus 2 TGP-4500 

dual channel data loggers (Gemini dataloggers, West 99 Sussex, UK) were installed to 

monitor air temperature and relative humidity (RH) in both control and heated bays. Soil 

moisture was also closely monitored between heated and non-heated vines and manual 

irrigation was performed to prevent water stress. Values were 21/23% on day 1 and 

27/21% on day 2 for the treated/control vines, respectively, and were not significantly 

different. 

Harvest sampling 

Two days after the end of the heat treatment, when the first visual indications of advanced 

berry damage on heated vines were observed, all bunches were harvested. Triplicates of 

25-berry samples were collected from the two treatments with healthy berries (HB) from 

the non-heated vines and damaged berries (DB) from the heated vines. The fresh weight 

of each sample was measured before berries were snap-frozen in liquid nitrogen (N) and 

stored at -80 °C until processing. Samples were then slightly defrosted on ice and berries 

were quickly deseeded. Pulp and skin together and seed masses were recorded, and each 

tissue was immediately ground into a coarse powder using a grinder (A11 Basic 

Analytical Mill, IKA Works, Staufen, Germany) under liquid N. The percentage of 

moisture was calculated from sub-samples dried in an oven at 60 °C until constant weight 

was reached. 

Winemaking 

After sampling, the remaining bunches were weighed and then manually destemmed to 

obtain about 10 kg of HB and 1 kg of DB. Three lots of grapes were individually 

fermented in triplicate to make wines with several percentages (by mass) of DB: control 

wine with 0% DB (W0), wine with 10% DB (W10) and wine with 20% DB (W20). The 

winemaking protocol was similar to that described by Šuklje et al. (2016) with some 

modifications. Grapes were processed fresh, pH was adjusted to 3.7 by adding tartaric 
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acid and 1.5 L coffee plungers were kept in the dark at 25 °C in an incubator (Temperature 

cycling chamber, Labec, Marrickville, Australia). In addition, potassium metabisulfite 

(PMS) was added at a rate of 75 mg/L from the start to prevent malolactic fermentation. 

Yeast assimilable nitrogen (YAN) ranged from 265 to 315 mg/L, therefore no DAP 

adjustment was made.  

After five days on skin, wines were pressed at 1 bar using a small pneumatic press under 

N gas. Wines stayed on lees for another day to ensure completion of the fermentation. 

Wines were checked for residual sugar (below 1 g/L) and subsamples were taken for post-

fermentation analyses. Then, wines were stored in glass bottles with another addition of 

PMS (30 mg/L of sulfur dioxide) in a dark room at 3 °C for one month for cold 

stabilisation. Another batch of wine samples was then analysed post-stabilisation, which 

corresponded to two months after the end of the fermentation. 

Chemical analyses 

Juice (5 mL) and wine (10 mL) pH and titratable acidity (TA) were measured with an 

autotitrator (Metrohm Titrando System, Herisau, Switzerland). Juice density, expressed 

as °Baumé, was determined with a portable density meter (DMA35N, Anton Paar, 

Gladesville, Australia) while the final wine alcohol concentration (% v/v) was measured 

with an Alcolyser, DMA 4500 density meter (LMWI 40-10 Anton Paar, Graz, Austria). 

Malic acid, glucose, fructose, ammonia and NOPA (for YAN calculation) were measured 

by Konelab (Thermofisher KonelabTM 20XT, Vantaa, Finland).  

Wine colour parameters were assessed by spectrophotometry (Helios gamma, Thermo 

Spectronic, Cambridge, UK) following Iland’s protocol (2004) and wine total tannins 

were measured using a spectrophotometer (Shimadzu UV-1700, Kyoto, Japan) after 

precipitation with methyl cellulose as described in Sarneckis et al. (2006). Berry tannins 

and secondary metabolites were analysed as previously described by Gouot et al. (2019b) 

using 200 mg of fresh deseeded berry powder and 14 mg of fresh seed powder for 

extraction. Wine samples of 500 µL with 10 µL of internal standard (0.5 g/L of 

corticosterone and ampicillin in 50% v/v aqueous methanol) were dried under Genevac 

(EZ-2 Plus, SP Scientific, Ipswich, England). All dried samples were stored at – 80 ℃ 

until further analysis. Wine and berry samples were resuspended for polyphenol and berry 

tannin analyses by LC-QqQ-MS following the procedure described in Gouot et al. 

(2019b). 
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Statistical analyses 

For the berry samples (n=3), t-tests were used to compare HB and DB and one-way 

analysis of variance (ANOVA) followed by post-hoc Tukey honestly significant 

difference (HSD) test were performed to compare the mean between wines (n=3). All 

analyses, including principal component analysis (PCA), were performed using R 

(version 3.5.1). 

Results and discussion 

Temperature treatment 

The primary goal of this experiment was to study the relationship between the chemical 

composition of heat-affected berries and subsequent wine as opposed to investigating 

vine physiology and/or berry metabolism response(s) to high temperature per se. As such, 

the heat treatment aimed to create damaged berries, significantly differing in flavonoid 

composition from healthy berries. Well irrigated Shiraz fruit has been previously reported 

to withstand berry shrivelling up to 45 °C while exhibiting rapid berry desiccation upon 

53 °C (Gouot et al., 2019a). The experimental system was therefore set up to generate 

maximum temperatures above 50 °C. 

To achieve such extreme temperature treatment, an average of +11.5 °C was maintained 

between the two bays during the whole period (Figure 1). For the first 13 hours of heating 

(day 1), a maximum temperature of 50.4 °C was recorded, while the highest temperature 

observed in the control bay was 37.8 °C. On day 2, the maximum temperature was 52.1 °C 

compared to 33.5 °C in the control bay. RH was also recorded in both bays and while 

temperature increased, RH decreased mirroring the same pattern and reaching lows of 17-

18%, while it was stable between 50-60% in the control bay during the day. Increased 

temperature with lower humidity mimicked real heatwave conditions with vapour 

pressure deficit also impacted and peaking at 11.2 kPa in the heated bay while remaining 

below 3.0 kPa in the control bay (data not shown). 

Berry physiology and composition 

After two days of heat treatment, shrivelled and dried berries appeared on bunches and 

were harvested two days later before they completely desiccated (Figure 2). DB were 

almost twice as small as HB with berry weight reduced by 44% and skin and pulp 

moisture decreased by 6% (Table 1). Seeds were also slightly impacted with a 15% 

reduction in weight for DB and moisture reduced by 8%.  
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After exposure to extreme temperature, the colour distinction between skin and pulp cells 

was no longer evident (Figure 2), suggesting oxidation and diffusion of polyphenols from 

the skin into the pulp. The latter can arise when cell death occurs under normal ripening 

conditions but is likely to have been accelerated in DB with intense cell wall 

disintegration (Scollary, 2010). Deseeded berries, i.e., skin and pulp together, were 

analysed to take into account flavonoids that could have leached into the pulp. Flavan-3-

ols were the least abundant followed by flavonols and anthocyanins, while tannins were 

the most abundant (Table 1). Significant differences between HB and DB were found for 

all compounds with DB exhibiting between 42 to 75% less flavonoids than HB. This was 

also reflected on a concentration basis (mg/g berry) with the decrease slightly 

compensated by shrivelling but remaining between 37 and 59% (data not shown). Seed 

tannins were also significantly reduced by 38% in content, however, seed and berry 

concentrations (reduced by 26 and 10%, respectively) were not significantly different. 

Overall, the heat treatment was considered successful as HB and DB were substantially 

different from one another with altered flavonoid composition.  

These results were in agreement with those reported in a previous experiment where 

bunches were heated post véraison and skin flavonoids were significantly reduced while 

seed tannins were not as impacted as expected (Gouot et al., 2019a). At this phenological 

stage, where berries were already well-advanced in maturity, degradation rather than 

changes in biosynthesis may be responsible for the significant loss of flavonoids.  

The main enzymatic and/or chemical processes leading to flavonoid oxidation remain to 

be elucidated although peroxidases have been identified as contributing to anthocyanin 

degradation (Movahed et al., 2016). Furthermore, this reduction in berry flavonoids has 

also been previously observed by others for Shiraz, Cabernet and Zweigelt when grapes 

were affected by shrivelling, weight loss and/or late dehydration, although not induced 

by heat stress (Fang et al., 2011; Griesser et al., 2012; Shivashankara et al., 2013). Shiraz 

berries (75% shrivelled) had lower anthocyanin, total phenolic and total flavonoid 

concentrations than non-shrivelled or partially-shrivelled berries (Shivashankara et al., 

2013). Cabernet Sauvignon berries had lower anthocyanin concentrations (mg/g berry), 

regardless of the extent of shrivelling (slight, moderate or severe) (Fang et al., 2011). In 

this study, moderately-shrivelled berries showed the highest concentration (mg/g berry) 

in total polyphenols, flavonoids, oligomeric proanthocyanidins and flavan-3-ols, 

suggesting there was no effect of shrivelling on biosynthesis but that berry dehydration 

introduced a concentration effect. Zweigelt berries affected by shrivel soon after véraison 
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exhibited significantly lower total soluble solids and total anthocyanins at harvest 

(Griesser et al., 2012). Finally, berry shrivelling was found to be accelerated in Shiraz 

under elevated temperature with earlier onset and increased rate of cell death (Bonada et 

al., 2013a; Bonada et al., 2013b). However, none of these studies have investigated the 

effect of berry flavonoid reduction induced by shrivelling on the composition of the 

subsequent wines. 

Juice and wine composition 

Malic and tartaric acids were measured in the two groups of berries and while malic acid 

was in lower concentration in DB, tartaric acid was more concentrated (data not shown). 

In the juice, TA was not different between the three treatments (Table 2). Interestingly, 

the malic acid concentration of W20 was significantly higher than that of W0 by 0.15 g/L, 

as was pH, although the difference was negligible (<0.1 pH unit). The small difference in 

juice pH (4.10 ± 0.01 vs 4.03 ± 0.02) could have been driven by tartaric acid which is the 

most abundant acid in grapes. However, after acid addition during fermentation, pH and 

TA were no longer different between the three wines. Juice total soluble solids (TSS) 

were slightly higher when DB were added with 12.5 and 12.6 °Baumé for W10 and W20, 

respectively, compared to 12.3 °Baumé for W0. Only W20 exhibited a significantly 

higher TSS than W0 but as found for pH, differences could be considered negligible, as 

reflected by the subsequent wine alcohol content after fermentation, with values ranging 

9.7-10.3% v/v (Table 2).  

After fermentation, wine colour parameters were measured by spectrophotometry and 

detailed anthocyanin composition was determined by liquid chromatography. Apart from 

differences in colour density between W0 and W20 (the latter reduced by 15%), no 

significant differences were found for other spectrophotometric measures (colour hue, red 

pigment colouration, total red pigment and total phenolics), despite W20 exhibiting lower 

values than W0 and W10 (Table 2). At the end of fermentation, total wine anthocyanin 

concentrations spanned 91.5-93.0 mg/L for W0 and W10 while W20 was significantly 

lower at 80 mg/L (Figure 3A). The 14% loss in total anthocyanins in the wine 

corresponded to a 15% reduction in colour density observed by spectrophotometry. After 

wine cold stabilisation, the same significant differences in anthocyanins were retained 

(Figure 3B). In addition to the loss in anthocyanins, the proportions of each class were 

affected, with changes in malvidins and peonidins (Figure 4A). Glucosides were in higher 

proportions in W0 while acylated malvidins (coumaroyl and caffeoyl) and peonidins 
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(acetyl and caffeoyl) gradually increased with the addition of DB. The clear separation of 

the wines (W10 & W20) from W0 post-stabilisation was also evident (Figure 4B). 

In the wine, as in berries, tannins were the most abundant phenolic class with 

concentrations spanning 0.3-0.6 g/L and were also significantly affected by the addition 

of DB. Differences in wine total tannin concentration, measured by spectrophotometry, 

were evident at the end of the fermentation with a 41% reduction in W20 compared to 

W0, however differences disappeared after stabilisation (Figure 3). Indeed, tannin loss 

was much greater for W0 and could be due to a difference in the ratio of tartaric acid to 

potassium leading to greater co-precipitation. However, no further measurements were 

conducted to justify this hypothesis.  

In addition to anthocyanins and tannins, other minor flavonoids such as flavonols and 

flavan-3-ols were analysed after fermentation and stabilisation (Figure 3). Flavonols did 

not differ between W0 and W20, although W20 was significantly lower than W10 by 

16% after fermentation; differences in concentration were however no longer evident post 

stabilisation. Free flavan-3-ols, the least abundant flavonoids detected in the wines (about 

10 mg/L), were not impacted by the addition of DB at any given time. In summary, small 

scale ferments are known to be suitable to assess colour extractability (Sparrow & Smart, 

2015) and showed that the anthocyanin composition of W20 was the only parameter still 

affected after stabilisation by the addition of DB, which originally contained 78% less 

anthocyanins (Table S1), but also less flavonols, flavan-3-ols and skin and seed tannins.  

Winemakers have anecdotally reported a loss of wine quality upon severe heat events or 

shrivelling disorder. However when berry shrivelling was assessed for Shiraz, significant 

changes in wines, such as lower colour density, remained minimal (Chou et al., 2018; 

Šuklje et al., 2016). In Šuklje et al. (2016), wines were made from 100% shrivelled 

berries, collected in the vineyard, without berry flavonoid analyses or distinction between 

shrivelling types, i.e., induced by disorders and/or abiotic stresses. In the present study, 

shrivelling was induced by extreme heat stress and wines were made with only 10 or 20% 

(by mass) of berries for which quality was significantly altered. The inclusion of 20% DB 

was sufficient to affect wine composition although most differences were either minor 

and unlikely to be visually detectable or disappeared quickly after fermentation, except 

for wine colour density and anthocyanin concentration. 

Differences in wine anthocyanin concentrations can be explained by reduced berry 

anthocyanins available for extraction. When a larger proportion of damaged berries were 
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added, the lack of berry anthocyanin could not be compensated, although differences were 

minor and probably not visually detectable by consumers. Differences in wine total tannin 

concentration at the end of fermentation, but not after stabilisation, suggest that alterations 

in berry composition were not compensated by extraction but could have been upon 

ageing as tannin concentration decreased by 36/17% in W0/W10 while W20 remained 

stable. Measurable tannins may decrease during the early stages of winemaking due to 

precipitation (Teng et al., 2019) or it could also be due to an artefact as mass conversion 

can also decrease over time during ageing, and hence less tannins are converted into a 

measurable form. This suggests that tannins evolved some other ways during wine ageing 

and further research is needed to elucidate whether it was due to different tannins being 

extracted (size, % galloylation) or to being involved in reactions with other compounds, 

not measured in this study. For example, other reactions impacting on measurable tannins 

include binding with proteins, polysaccharides, or even being trapped in colloids or by 

yeasts (Rousserie, 2019; Saucier, 2010).  

Furthermore, in agreement with our findings, Šuklje et al. (2016) observed that total wine 

tannin concentrations post stabilisation were not significantly affected when wines were 

made from 100% shrivelled berries, although initial berry tannin concentrations were 

unknown. However, another comprehensive study on the effect of elevated temperature 

found that when Shiraz berry tannins (skin and seeds) were decreased, it was also 

reflected in the composition of the wines (Bonada et al., 2015). These findings contrast 

with the present study, however wine matrices, made from 100% of berries grown under 

elevated temperature over the whole season, may have also been altered. Further work is 

needed to understand tannin interactions with other compounds extracted from berries 

(e.g. polysaccharides) as they can also be affected by high temperature (Lecourieux et al., 

2017; Rienth et al., 2014). Lastly, a lack of knowledge around flavonol and free flavan-

3-ol extraction rates in wine limits comparison and discussion. Concentrations measured 

in wine are very low and could be far from saturation, hence the extraction rate of these 

compounds could be increased to counteract the reduction of berry flavonols and flavan-

3-ols.  

In summary, while 20% of DB had a minor impact on the juice and wine parameters, 10% 

of DB did not appear to have significantly impacted wine composition. Although 

numerous studies have investigated the effect of winemaking parameters (time, 

temperature of fermentation) (Jordão & Cosme, 2017; Rousserie et al., 2019) and berry 

ripeness on flavonoid extraction (Bindon et al., 2014; Bonada et al., 2015), the impact of 
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berry structural and cellular integrity on flavonoid extractability has not yet been fully 

elucidated. In fact, berry integrity remains the most difficult parameter to study, with the 

contribution of different cell physiology parameters (cell wall, skin thickness, cell 

death/vitality) on wine composition requiring further investigation.  

Conclusion 

This study showed that a mix of heat-damaged (DB) and undamaged berries (HB) only 

significantly reduced wine quality when about 20% (by mass) of the berries were visually 

damaged and necrotic, corresponding to about 50% of damaged berries (in number). The 

lack of a strong effect from the inclusion of a small amount (10/25% by mass/number, 

respectively) of severely damaged berries suggests that early harvests after heat events 

may be economically profitable to produce a lighter wine from vineyards damaged by 

severe heatwaves. However, emergency harvests could also be problematic due to logistic 

limitations in the winery and could result into a more compressed vintage. Should this 

option be adopted, phenolic extraction should be corrected using enzymes, higher 

fermentation temperatures, and/or longer time on skin to compensate for the loss in berry 

phenolics. This study was conducted within the limitations known of small ferments as 

well as small volumes available for chemical and sensory analyses. In addition, wine 

colour and flavonoid concentrations were lower than for commercial wine for several 

reasons (large berries, short time of skin contact due to fast fermentation, etc.). Another 

trial with larger fermentation volumes should be made to validate findings for flavonoids 

and extend chemical analyses to sensory profiling before undergoing commercial 

winemaking trials. 
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Figures and Tables 

 

 

Figure 1. Temperature and relative humidity recorded in the two bays (heated and control) 

used to produce heat-damaged and undamaged berries. 
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Figure 2. Healthy bunch (A) with intact berries borne on chlorophyllous turgid bunch 

stem 

framework (peduncle and rachis) with transparent flesh (B), and shrivelled berries (C) on 

necrotic bunch stem with coloured flesh (D). 
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Table 1. Physical and compositional parameters (mean ± SD, n=3) of heathy (HB) and 

heat-damaged (DB) berries.  

 

Physical characteristics and 

flavonoid composition 
HB DB Differencea (%) 

p-

valuec 

Berry weight (g/berry) 2.6 ± 0.1 1.5 ± 0.1 -44 <0.001 

Seed weight (mg/seed) 37.3 ± 0.2 32 ± 1 -15 0.1 

Skin (+pulp) moisture (% fresh mass) 77.6 ± 0.1 73.3 ± 0.9 -6 0.001 

Seed moisture (% fresh mass) 29 ± 1 26.4 ± 0.6 -8 0.03 

Skin (+pulp) anthocyanins (µg/berry) 738 ± 38 166 ± 47 -78 <0.001 

Skin (+pulp) flavonols (µg/berry) 454 ± 87 155 ± 21 -66 0.004 

Skin (+pulp) flavan-3-ols (ng/berry) 49 ± 4 5 ± 1 -90 0.002 

Skin (+pulp) tannins (mg/berry) 3.9 ± 0.3 1.0 ± 0.2 -75 <0.001 

Seed tannins (mg/berry)b 4.2 ± 0.9 2.6 ± 0.7 -38 0.015 

aDifferences between HB and DB were calculated as follow: ((DB-HB)/HB)*100. 

bSeed free flavan-3-ols included under seed tannins 

cSignificant differences between treatments were tested by t-test. 
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Table 2. Basic juice, wine and wine colour parameters . Average (mean ± SD) values for wines 

made with 0 (W0), 10 (W10) and 20% (W20) of heat-damaged berries.  

 

 Parameters W0 W10 W20 
p-

valuea 

Ju
ic

e 

pH 4.03 ± 0.02 a 4.07 ± 0.04 ab 4.10 ± 0.01 b * 

Titratable acidity (g/L) 4.8 ± 0.02 4.8 ± 0.1 4.9 ± 0.1 NS 

Malic acid (g/L) 2.59 ± 0.02 a 2.62 ± 0.03 a 2.74 ± 0.06 b * 

Density (°Baumé) 12.27 ± 0.06 a 12.47 ± 0.06 ab 12.6 ± 0.1 b * 

W
in

e 

pH 3.65 ± 0.02 3.66 ± 0.01 3.67 ± 0.02 NS 

Titratable acidity (g/L) 7.3 ± 0.2 7.3 ± 0.1 7.4 ± 0.2 NS 

Ethanol (% v/v) 9.7 ± 0.4 9.9 ± 0.4 10.3 ± 0.4 NS 

Colour density (a.u.) 3.9 ± 0.2 a 3.9 ± 0.1 a 3.3 ± 0.2 b * 

Colour hue 0.543 ± 0.004 0.55 ± 0.01 0.55 ± 0.01 NS 

Red pigment colouration (%) 24 ± 2 25 ± 1 22 ± 1 NS 

Total red pigment 10.9 ± 0.3 10.1 ± 0.5 9.7 ± 0.6 NS 

Total phenolics (a.u.) 20 ± 2 21 ± 1 18.7 ± 0.9 NS 
aSignificant differences between treatments were tested by ANOVA followed by Tukey 

test HSD for each sampling and are indicated with lower case letters (p<0.05).  
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Figure 3. Total flavonoid composition for wines, made with 0 (W0), 10 (W10) and 20% 

(W20) of heat-damaged berries, after fermentation (A) and after stabilisation (B) 

expressed in mg/L of wine (mean ± SD). Significant differences between treatments were 

tested by ANOVA followed by Tukey test HSD for each sampling and are indicated with 

lower case letters (p<0.05).  
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Figure 4. Principal component analysis (PCA) of anthocyanin proportions after 

fermentation for wines made with 0 (W0), 10 (W10) and 20% (W20) of heat-damaged 

berries post fermentation (A) and post stabilisation (B). Abbreviations: Anthocyanins (A). 

C, Cyanidin; D, Delphinidin; M, Malvidin; Pn, Peonidin; Pt, Petunidin; A3G, A-3-O-

glucoside; A3AG, A-3-O-acetyl-glucoside; A3CouG, A-3-O-(6”-p-coumaroyl-

glucoside). 
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Table S1. Detailed anthocyanin concentrations (mean ± standard deviation, n=3) in the 

wines made with 0 (W0), 10 (W10) and 20% (W20) of heat-damaged berries, expressed 

in mgM3G eq./L. Abbreviations: Anthocyanins (A). C, Cyanidin; D, Delphinidin; M, 

Malvidin; Pn, Peonidin; Pt, Petunidin; A3G, A-3-O-glucoside; A3AG, A-3-O-acetyl-

glucoside; A3CouG, A-3-O-(6”-p-coumaroyl-glucoside); A3CaffG, A-3-O-

caffeoylglucoside; pyranoA, pyranoanthocyanins. 

 

  

Compounds D3G  C3G  Pt3G  Pn3G  M3G  PyranoPn3G  CarboxypyranoPn3G  PyranoM3G  

W0 0.39 ± 0.03 0.029 ± 0.002 1.6 ± 0.1 1.2 ± 0.1 41 ± 2 0.035 ± 0.001 0.0120 ± 0.0005 0,41 ± 0,05 

W10 0.36 ± 0.04 0.026 ± 0.001 1.6 ± 0.1 1.17 ± 0.04 38 ± 1 0.038 ± 0.003 0.0112 ± 0.0008 0,29 ± 0,09 

W20 0.36 ± 0.03 0.023 ± 0.001 1.4 ± 0.1 0.98 ± 0.04 34 ± 1 0.034 ± 0.001 0.0098 ± 0.0008 0,21 ± 0,02 
         

Compounds D3AG  C3AG  Pt3AG  Pn3AG  M3AG  Pn3CaffG  M3CaffG   

W0 0.22 ± 0.02 0.11 ± 0.01 0.8 ± 0.1 5.6 ± 0.2 23.8 ± 0.7 0.19 ± 0.01 0.36 ± 0.01  

W10 0.21 ± 0.02 0.118 ± 0.003 0.8 ± 0.1 5.5 ± 0.1 23 ± 1 0.21 ± 0.01 0.48 ± 0.04  

W20 0.21 ± 0.02 0.11 ± 0.01 0.7 ± 0.1 5.1 ± 0.1 21.1 ± 0.6 0.22 ± 0.02 0.51 ± 0.03  
         

Compounds 
D3CouG 
(trans)  

C3CouG 
(trans)  

Pt3CouG 
(trans)  

Pl3CouG (trans)  
M3CouG 
(trans)  

Pn3CouG 
(trans)  

Total anthocyanins 
(mg/L of wine) 

 

W0 0.76 ± 0.02 0.56 ± 0.02 1.59 ± 0.04 0.0252 ± 0.0003 4.9 ± 0.4 4.1 ± 0.2 87 ± 3  

W10 0.7 ± 0.1 0.52 ± 0.05 1.6 ± 0.2 0.024 ± 0.002 3.7 ± 0.8 4.3 ± 0.3 83 ± 2  

W20 0.70 ± 0.05 0.47 ± 0.02 1.54 ± 0.08 0.0222 ± 0.0005 3.3 ± 0.8 4.0 ± 0.1 74 ± 1  
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4.1 Introductory comments 

Chapter 4 examines the effect of temperature during berry development until the onset of 

véraison at the bunch level (Figure 5). Two experiments focused on this early period and 

treatments were applied 20-21 days after flowering, to prevent any treatment effect on 

berry setting, and so that berries were large enough for skin, pulp and seeds to be analysed 

separately. Both experiments were conducted using a factorial design and the first 

experiment combined high day and night temperatures while the second examined the 

potential cumulative effect of high day temperature at two phenological stages: after berry 

setting and at the onset of véraison. These experiments ran for three days (and/or nights) 

and provide answers to Aims 1, 2 and 3. In addition to the study of berry physiology and 

tannin accumulation, the potential impact of temperature on subsequent phenolic 

extractability was assessed on harvest berries from the second experiment. To address 

Aim 4, the effects of high temperature during berry development and at the onset of 

véraison on tannin extractability was assessed using aqueous alcohol extraction. 

 

 

Figure 5. Graphical summary of the experiments conducted in Chapter 4.  
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4.2. Research paper – Impact of short temperature exposure of Vitis vinifera L. cv. 

Shiraz grapevine bunches on berry development, primary metabolism and tannin 

accumulation 
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4.3. Supplementary materials 

Table A.1. Average (mean ± stdev, n = 3), maximum (max) and minimum (min) of air 

temperature, relative humidity and vapour pressure deficit for each treatment (CB, control 

blower; DH, day heating; NH, night heating; DNH, day and night heating) over the heating 

period. 

Period Treatment 
Temperature (°C) 

Relative 
humidity (%) 

Vapour pressure 
deficit (kPa) 

Mean Max Min Max Min Max Min 

Day 1 

CB 31 ± 1 35.3 20.9 54.6 29.5 4.6 0.7 

DH 38 ± 1 44.6 28.8 54.6 29.5 8.0 1.4 

NH 30.8 ± 0.6 34.9 20.8 54.6 29.5 4.1 0.7 

DNH 38.6 ± 0.8 44.8 30.8 54.6 29.5 7.7 1.3 

Buffer 31 ± 1 37.7 20.5 54.6 29.5 5.9 0.7 

Night 1 

CB 20.6 ± 0.7 23.3 18.2 63.0 48.1 1.5 0.8 

DH 20.6 ± 0.8 23.2 18.2 63.0 48.1 1.5 0.9 

NH 26 ± 1 28.9 22.0 63.0 48.1 2.6 1.4 

DNH 27 ± 1 29.3 22.8 63.0 48.1 2.7 1.4 

Buffer 20.0 ± 0.7 22.6 17.7 63.0 48.1 1.4 0.8 

Day 2 
No treatment applied due to 

outside high temperature 27.7 ± 0.5 38.8 19.3 60.4 34.9 3.6 0.6 

Night 2 

CB 23.4 ± 0.4 25.2 22.3 75.1 56.3 1.4 0.8 

DH 23.7 ± 0.7 25.4 22.5 75.1 56.3 1.4 0.8 

NH 29 ± 1 31.1 25.8 75.1 56.3 2.7 1.2 

DNH 30 ± 1 31.4 27.3 75.1 56.3 2.7 1.2 

Buffer 23 ± 1 24.7 22.0 75.1 56.3 1.3 0.7 

Day 3 

CB 30.9 ± 0.8 35.5 22.9 64.0 38.9 3.3 0.6 

DH 35.9 ± 0.8 40.7 28.9 64.0 38.9 5.2 0.8 

NH 30.5 ± 0.3 35.4 22.8 64.0 38.9 3.3 0.6 

DNH 36.4 ± 0.7 41.5 29.0 64.0 38.9 5.5 0.8 

Buffer 30.7 ± 0.8 36.2 22.7 64.0 38.9 3.4 0.5 

Night 3 

CB 24.6 ± 0.6 27.5 23.0 85.3 64.1 1.3 0.6 

DH 24.8 ± 0.9 27.6 23.2 85.3 64.1 1.3 0.6 

NH 30 ± 1 32.7 27.4 85.3 64.1 2.6 1.1 

DNH 30.2 ± 0.9 32.8 28.2 85.3 64.1 2.6 1.1 

Buffer 23.8 ± 0.4 26.5 22.3 85.3 64.1 1.1 0.4 

Day 4 

CB 25 ± 1 27.3 22.4 71.2 45.7 1.9 0.3 

DH 34 ± 1 37.2 26.6 71.2 45.7 4.5 0.7 

NH 24.9 ± 0.7 26.8 22.0 71.2 45.7 1.8 0.3 

DNH 35 ± 1 37.5 26.8 71.2 45.7 4.6 0.7 

Buffer 24.8 ± 0.6 27.3 21.8 71.2 45.7 1.8 0.2 
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Fig. A.1. Infrared image of bunch (left) during day heating and image of the same bunch (right) 

showing the damage generated by the treatment the following day. Temperatures recorded by 

the thermal camera at the bottom (also maximum), and top of the bunch (also minimum) were 

48.1 and 39.0 °C, respectively, while the average along the line drawn was 42.9 °C. 
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Fig. A.2. Effect of treatments (CB, control blower; DH, day heating; NH, night heating; DNH, 

day and night heating) and heat factors (day and night temperature) on skin tannins expressed 

in (A) mg/berry, (B) mg/g berry and (C) mg/g skin (n = 3, mean ± stdev, B&C on a fresh weight 

basis). Significant effects tested by 2-way ANOVA are indicated with * (day), # (night) and X 

(interactions) for each sampling date (p<0.05, 0.01, 0.001). Significant differences between 

treatments for each sampling date are indicated with lower case letters (p<0.05). 
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Abstract 

The effect of high temperature was investigated on Shiraz skin and seed tannin 

accumulation and extractability at maturity. Following a first heat event (40 °C), 20 days 

after flowering, berry weight was significantly lower, but skin and total seed tannins were 

only slightly affected. However, seed tannin size and average molecular mass were 

increased just after treatment. Bunches exposed to the second heat treatment (45 °C) at 

the onset of véraison exhibited significant berry damage (desiccation) and a decrease in 

skin tannins, with changes in subunit proportions. Bunches exposed to both treatments 

did not show any sign of acclimation and were the most damaged.  

At harvest, total skin tannin concentrations, extracted in 60% (v/v) acetone from 

undamaged berries, were reduced in heated berries. However, no differences in 

extractable skin tannins using 15% (v/v) aqueous ethanol were observed, and increased 

extraction due to potential loss of berry integrity may have compensated the flavonoid 

reduction. Total seed tannin concentrations were slightly impacted although this was not 

reflected in extractable concentrations.  

 

Keywords: Berry integrity, Extraction, Factorial design, Heat stress, High temperature, 

Skin, Seed, Tannin. 
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INTRODUCTION 

In dark-skinned grapes, several groups of compounds contribute to wine quality. One 

such group is the tannins, also known as proanthocyanidins, which are found in skin and 

seeds and differ in composition, with galloylation and length depending on berry tissue 

(Gouot et al., 2019d). They are key to wine astringency, bitterness and mouthfeel and also 

contribute to wine colour by co-pigmentation with anthocyanins. In the vineyard, several 

factors can affect their accumulation such as water stress (Koundouras et al., 2006; Ojeda 

et al., 2002), light exposure (Downey et al., 2006; Downey et al., 2004; Ristic et al., 2007) 

and elevated temperature (Bonada et al., 2015). Recent studies found that high 

temperature extremes can also indirectly impact on tannin accumulation, mainly by 

disrupting berry and seed development, driving differences in tannin concentrations 

(Gouot et al., 2019b, 2019c).  

While the amount of tannins in the grapes at harvest does not necessarily reflect the 

amount extracted into the wine, Shiraz grape content ranges 2-6 mg/berry (about 3-6 g/L 

of tannins depending on berry size) and in wine, 0.3-5.0 g/L (Downey et al., 2003; 

Kilmister et al., 2014; Ristic et al., 2007). The proportion of tannin extractable into 

ethanol solutions are extremely variable and may range between 25 and 50% (Bindon et 

al., 2014), with only a limited amount of total berry tannins extracted into the subsequent 

wine. In the skin, tannins can be retained due to interactions with cell wall 

polysaccharides, proteins and other phenolics as well as cell with thick walls (Bindon et 

al., 2012; Hanlin et al., 2010). For seed tannins, extraction is not immediate, and may 

depend on the extent of seed hydration during the winemaking process or other factors 

(Rousserie et al., 2020; Rousserie et al., 2019). In the winery, several parameters can be 

optimised to improve tannin extraction from grapes to wine such as a longer maceration 

time, higher fermentation temperature, use of enzymes or cold soaking pre-fermentation 

(Jordão & Cosme, 2017; Rousserie et al., 2019). However, tannin extraction also depends 

on the percentage of alcohol (Bindon et al., 2014) which is directly driven by berry 

ripeness and sugar concentration. When the effect of berry ripeness (potential alcohol 

spanned 7.6-16.3 % v/v) was evaluated using a single 12% (v/v) aqueous alcohol 

extraction, no clear differences in tannin concentration were observed (Fournand et al., 

2006). As highlighted by Rousserie et al. (2019), other physiological parameters may also 

play a key role in vivo. For example, berry structural and cellular integrity is the least 

understood parameter when studying tannin extraction and more research is required to 



 

 

136 

 

enhance our knowledge (Cerpa-Calderón & Kennedy, 2008; Cortell & Kennedy, 2006).  

The primary goal of this study was to assess the impact of short but extreme heat 

treatments at bunch level (>40 °C) at two sensitive phenological stages (post fruit-set and 

onset of véraison). Using a factorial design, the potential cumulative effect of the two heat 

treatments was also assessed (Gouot et al., 2019c; Wollenweber et al., 2003), and 

supplemented previous findings on the effect of high day temperature bunch exposure 

during early berry development on tannin composition (Gouot et al., 2019b). The 

experiment concluded with an aqueous alcohol extraction assay to compare extractable 

vs total tannins.  

MATERIALS AND METHODS 

Chemicals and reagents. Ultrapure water was generated from a Milli-Q Plus 

purification system (18.2 MΩ cm, Merck Millipore, Bayswater, VIC, Australia). 

Methanol (HPLC grade, ≥99.9%), acetone (HPLC grade, 99.8%), formic acid (American 

Chemical Society reagent, ≥98%), trifluoroacetic acid (ReagentPlus®, 99%), 

phloroglucinol (HPLC grade, ≥99%), L-ascorbic acid (reagent grade, ≥98%), ammonium 

formate (reagent grade, ≥99.9%), (−)-epicatechin (≥90%), corticosterone (≥98.5%), 

ampicillin trihydrate (analytical standard, ≥98%), methyl cellulose (1500 cP), ammonium 

sulfate (ReagentPlus®, ≥99%), ethanol absolute (analytical reagent grade, ≥99.5%), N,N-

Dimethylformamide (HPLC grade, ≥99.9%), and lithium chloride (American Chemical 

Society reagent, ≥99%) were purchased from Sigma-Aldrich (Castle Hill, NSW, 

Australia). Hydrochloric acid (Trace SELECT, 34–37%) was purchased from Chem-

Supply (Port Adelaide, SA, Australia). Glacial acetic acid (HPLC grade, ≥99.7%) was 

purchased from Thermo Fischer Scientific (Scoresby, VIC, Australia). (+)-Catechin, (−)-

epicatechin gallate, (−)-epigallocatechin (all ≥99.9%) were obtained from Extrasynthese 

(Genay, France).  

Plant material and glasshouse set-up. The experiment was carried out from 

September 2018 until February 2019 with 4 year-old grafted Shiraz grapevines 

(V. vinifera L., clone PT23 NW889, rootstock 1103 Paulsen) planted in 30 L pots and 

filled with premium commercial potting mix. Vines were moved at budburst into a UV-

transmitting glasshouse as described in Gouot et al. (2019b). Prior to flowering, vines 

were pruned to six shoots, trained vertically along bamboo stakes and thinned to four 

bunches each. Vines were grown under favourable conditions (irrigation, fertilisation and 
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pest control) and glasshouse measurements (temperature, light, relative humidity) were 

performed as described in Gouot et al. (2019c). Water stress was avoided by maintaining 

a soil moisture above 20% volumetric water content for all treatments at all times. 

Experimental design. A total of 12 vines was arranged on two steel mesh benches 

as per a randomised block design generated using DiGGer (Coombes, 2009) with 

additional untreated vines used as buffers at the extremities of each bench. A complete 

factorial design was applied to assess the effect of day temperature on berry composition 

at two phenological stages (two treatments with six biological replicates then four 

treatments with three replicates each). Flowering was defined as the average date when 

50% caps fall was reached per bunch (E-L 23) (Coombe, 1995) and days after flowering 

(F+) were used to reference treatments and samplings. The first heat event (HE1) started 

22 days after flowering, (F+22) when berries had reached pea size (E–L 31; berry 

diameter 7 mm) and finished at F+24. The second heat event (HE2) started 58 days after 

flowering (F+58), i.e., 34 days after the end of HE1, and finished at F+60, corresponding 

to the beginning of véraison with most berries at E–L 34 (berries beginning to soften) and 

some berries already turning red (E-L 35) (Supplementary Table 1). Both HE1 and HE2 

were applied for three days, from 7 a.m. to 7 p.m., with heating not applied at night and 

fans switched off in all treatments. The temperature tested varied between two levels: 

high, where bunches were heated, and low, where only the fans were used (to account for 

any possible confounding effects of air flow past the fruit). The design generated four 

treatments: control blower (CB; fan only during the two stages investigated), heated at E-

L 31 (T1; with fan only at E-L 34/35), heated at E-L 34/35 (T2; with fan only at E-L 31), 

and heated at both stages (T1+2). Heating system set-up, and air/bunch surface 

temperature measurements were performed as described in Gouot et al. (2019b). 

Berry sampling. Sample collection was separated into two phases: phase I, during 

which berry growth and tannin evolution was followed (F+21 until F+81) and phase II, 

corresponding to harvest (F+95 until F+106). Results are described separately as 

sampling protocols slightly differed to match the aim of each phase. 

Phase I. Berries were sampled prior to the first heat treatment (F+21), weekly directly 

after the treatment until véraison (F+25, 32, 39, 46, 53), and then fortnightly during berry 

ripening (F+67, 81). For each sampling, two berries were collected per bunch (top-third 

and bottom-third) and pooled together per vine (8 berries). Samples collected at F+67 and 

81 included visually shrivelled berries to be representative of the damaging effect of the 
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treatments (Supplementary Table 1). After determination of berry fresh weight, samples 

were immediately snap-frozen in liquid nitrogen (N) and stored at -80 °C until processing. 

Then, berries were slightly thawed, kept on ice and quickly separated into skin, pulp and 

seeds. Pulp and juice were homogenised and immediately manually ground into a fine 

powder using mortar and pestle under liquid N. Skins were carefully peeled from the 

berries with tweezers and then blotted dry. Skin, and seed, fresh mass was determined 

before snap-freezing in liquid N and stored at -80 °C. Prior to analysis, skins and seeds 

were manually ground with a mortar and pestle under liquid N, and freeze-dried until 

constant weight. Total soluble solids (TSS) and berry sugar content were determined after 

véraison as follows: ground pulp powder was thawed, vortexed and then centrifuged and 

TSS (in ºBrix) was determined from the supernatant with a refractometer (PR-101, Atago, 

Tokyo, Japan) and the sugar content calculated per berry. 

Phase II. At harvest, samples were taken for each vine as follows: four sub-samples of 

8 non-visually damaged berries were collected. All samples were harvested at different 

dates for each vine at an average TSS of 22 °Brix, measured fresh on juice with the Atago 

refractometer. Three 8-berry samples were freshly peeled, and skin and seeds were rinsed 

with ice-cold 30 mM aqueous citric acid, gently blotted with paper towel, stored at 4 °C 

in sealed tubes with N for less than 2 h. The remaining 8-berry sample was snap-frozen 

in liquid N, after determination of berry fresh weight, and was further processed as 

described above in Phase I. 

Sample extractions. Phase I. For all samples of phase I, the extraction protocol was 

similar to that of Gouot et al. (2019c). Freeze-dried skin samples of 14 mg and seed 

samples of 10 mg were extracted with 200 µL of methanol, 1.4 mL of 70% (v/v) aqueous 

acetone with 0.05% (v/v) trifluoroacetic acid (TFA) and 40 µL of internal standard (0.5 

g/L of corticosterone and ampicillin in 50% (v/v) aqueous methanol). The extraction, 

further referred to as 60% (v/v) acetone, was performed in duplicate and several aliquots 

(3 * 500 µL and 1 mL per extract) were dried under Genevac (EZ-2 Plus, SP Scientific, 

Ipswich England). 

Phase II. The frozen 8-berry samples were extracted in triplicates as described above in 

Phase I, and several aliquots (2 * 500 µL per extract) were dried under Genevac. All fresh 

samples of phase II were extracted by aqueous alcohol, adapted from two publications 

(Bindon et al., 2014; Bindon et al., 2017). For each triplicate sample, 30 mL of 15% (v/v) 

aqueous ethanol with 0.05% (v/v) TFA were added. Both skin and seeds were extracted 
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at 30 °C in the dark, in N-sealed 50 mL tubes, with continuous gentle shaking at 100 rpm 

(Orbital Shaking Incubator OM15, Ratek Instruments Pty Ltd., Boronia, Australia). The 

extraction time was optimised (data not shown) and seeds were extracted for 96 h, while 

48 h were sufficient to reach maximum tannin extraction from the skin. Then, two 500 

µL aliquots/extract were collected, 10 µL of internal standard added, and dried under 

Genevac.  

Tannin analyses. Detailed free flavan-3-ol and tannin composition by liquid 

chromatography-triple quadrupole-mass spectrometry (LC-QqQ-MS). 

Phloroglucinolysis was completed on dried 500 L extracts and all samples (phase I and 

II, regardless of the extraction solvent) were prepared for LC-QqQ-MS analyses as 

described in Gouot et al. (2019a, 2019c). Samples from phase I were analysed in 

biological replicate (nHE1=6; nHE2=3) while samples from phase II were analysed in 

triplicates. Another dried 500 µL extract of all samples (phase I) and two dried 500 µL 

extracts of all samples (phase II) were resuspended in 50% (v/v) aqueous methanol (1% 

(v/v) formic acid) and analysed for free flavan-3-ol monomers by LC-QqQ-MS using the 

same conditions and parameters as for tannin analysis (Gouot et al., 2019a).Tannin 

subunits and free-flavan-3-ols were quantified using (+)-catechin, (−)-epicatechin, (−)-

epicatechin gallate, and (−)-epigallocatechin standards (Gouot et al., 2019c). Free flavan-

3-ol concentrations were subtracted from terminal subunit concentrations and “pure” 

mean degree of polymerisation (mDP) was calculated. 

Total tannins by ultraviolet-visible (UV-vis) spectrophotometry. Total tannin 

concentration was measured by the methyl cellulose precipitable (MCP) assay (Sarneckis 

et al., 2006) from one of the dried 500 µL extracts, for all samples from phase I and II 

(extracted with 60% (v/v) acetone or 15% (v/v) aqueous ethanol), resuspended in 50% 

(v/v) aqueous methanol. MCP analyses were performed in analytical duplicates. 

Tannin conversion yield (%) was calculated for all phase II samples extracted in both 

solvents, with the concentrations qualified as total tannins regardless of the analytical 

method, as follows (Eq 1): 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =
[𝑇𝑜𝑡𝑎𝑙 𝑡𝑎𝑛𝑛𝑖𝑛𝑠]LC-QqQ-MS

[𝑇𝑜𝑡𝑎𝑙 𝑡𝑎𝑛𝑛𝑖𝑛𝑠]MCP
 (Eq 1) 

Extraction ratio (%), corresponding to the percentage of tannins extracted by aqueous 

alcohol, was calculated as follows (Eq 2): 
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𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 (%) =
[𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒 𝑡𝑎𝑛𝑛𝑖𝑛𝑠]MCP-15% aqueous ethanol

[𝑇𝑜𝑡𝑎𝑙 𝑡𝑎𝑛𝑛𝑖𝑛𝑠]MCP-60% acetone
 (Eq 2) 

Tannin size distribution by high performance liquid chromatography 

coupled with diode array detector (HPLC-DAD). Depending on 

phloroglucinolysis results, key samples were selected for tannin size distribution analysis 

by gel permeation chromatography (GPC). The dried 1 mL seed extract (phase I) was first 

recovered in 250 µL of methanol, followed by 1 mL of N,N-dimethylformamide (DMF). 

Samples were centrifuged at 14,000 rpm for 10 min, 120 µL transferred to a HPLC vial 

with a glass insert where it was diluted with another 80 µL of DMF before analysis. An 

alliance HPLC system (model e2695) with an autosampler, pump and oven and with a 

PDA detector (model 2475, all from Waters Corporation, Milford, USA) were used. 

Separation of tannins was undertaken with two PLgel columns (Agilent Technologies, 

Santa Clara, USA) connected in series (300 x 7.5 mm, 5 µm, 500 and 100 Ǻ) and protected 

by a PLgel guard (50 x 7.5 mm, 5 µm) as described in Kennedy and Taylor (2003). The 

method used an isocratic flow with DMF containing 1% (v/v) glacial acetic acid, 5% (v/v) 

water and 0.15 M lithium chloride as mobile phase. The flow rate was maintained at 1 

mL/min with a column temperature of 60 °C and 20 µL injection volume. Detection was 

conducted at 280 nm and data were analysed using Empower 3 Personal GPC/SEC 

software (Waters, Corporation, Milford, USA). For calibration, pre-véraison seed tannin 

fractions of known molecular mass were used as standards (Bindon et al., 2010). A second 

order polynomial was established between the retention time corresponding to 50% of 

their cumulative distribution and their published average molecular mass, estimated by 

phloroglucinolysis. Chromatograms were integrated between 10 and 15 min including 

flavan-3-ol monomers eluting around 14.8 min. 

Statistical analyses. Differences between treatments at a given sampling date during 

phase I of the experiment were the main interest in this experiment. From after flowering 

(F+25) until véraison (F+53), only the first heat event was applied and heated versus non-

heated were compared by t-test (nHE1=6). After véraison and the application of the second 

heat treatment, the two factors (HE1 and HE2) were analysed by 2-way analysis of 

variance (ANOVA) and treatments (CB, T1, T2 and T1+2) by one-way ANOVA (nHE2=3) 

followed by post-hoc Tukey honestly significant difference (HSD) test for mean 

comparison (R software, version 3.5.1.). At harvest, total concentration and composition 

between extractable tannins and total tannins were compared by 2-way ANOVA (n=3) as 
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well as ANOVA-principal component analysis (ANOVA-PCA) of tannin composition 

(proportion of compounds) with Matlab (version R2017b). 

RESULTS AND DISCUSSION 

Temperature. The glasshouse average temperature slowly increased throughout the 

experiment from September until the middle of February (Figure 1A), reflecting the 

outside conditions. The mean temperature varied between 15.8 and 31.0 °C and the 

highest temperature recorded was 42.6 °C on 18th of December. As previously reported, 

the temperature of the air blown onto the bunch was closely related to berry surface 

temperature (Gouot et al., 2019a, 2019b) and Figures 1B and C show the average 

temperature, recorded every 30 min by the thermocouples during the two heat events 

(HE1 and HE2) for the four treatments (CB, T1, T2, T1+2). During HE1 and HE2, 

differences between heated and non-heated bunches were maintained at 9 and 9.5 °C, 

respectively. During HE1, the daily maximum temperatures were very close to each other 

with 39 °C on the first and third day and 40 °C on the second day while non-heated 

bunches were maintained below 31 °C. During HE2, a higher maximum temperature was 

targeted to reflect the seasonal conditions and peaked at 44.5 °C for heated bunches 

compared to 34.5 °C for non-heated. Such high temperatures are representative of 

Australia’s inland wine growing regions. Recently, temperatures above 40 °C were also 

recorded several times during the 2018/19 and 2019 grapegrowing season in the Southern 

and Northern hemispheres, respectively (Greer, 2019; Mitchell et al., 2019), hence 

understanding the implications for fruit composition will become increasingly important 

as the temperature and severity of heat events continue to increase.  

Phase I. Berry growth and composition. On a fresh weight basis, control berries 

exhibited a typical double sigmoid growth pattern (Figure 2A). During the first 

developing stages (F+21 until F+46), fresh weight increased from 0.2 to 1.5 g, stabilised 

during the lag phase, and then entered a second period of growth until F+81 with berry 

weight reaching around 2.8 g. Before HE1, berries showed the same average weight. 

Immediately following heating, berry weight was significantly lower for heated 

(T1/T1+2) than for non-heated berries (CB/T2), and this difference was maintained until 

F+53. With the application of HE2, the growth of T2 and T1+2 berries essentially 

stopped. T1+2 was the most impacted due to the cumulative effect of the two HEs, and 

berry mass was less than half of CB at F+67 and F+81. Both HE1 and HE2 had a 

statistically significant effect at F+81 with T1+2 berries significantly smaller than CB and 
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T1. TSS (°Brix), measured after véraison, was not significantly affected by any factors or 

treatments apart from an interaction at F+81. However, at F+81, the sugar content per 

berry was affected by HE2 as TSS was the same but berries were significantly smaller 

and T1+2 exhibited a significantly smaller amount of sugar (208 ± 130 mg/berry) than 

CB (468 ± 21 mg/berry). These findings were in agreement with recent studies conducted 

on Australian Shiraz which found that sugar accumulation is reduced during heat events 

(Abeysinghe et al., 2019; Caravia et al., 2016; Greer, 2019). In the present study, this 

result reflects the average behaviour of the bunch with shrivelled berries that most likely 

completely stopped importing sugars but concentrated it, while non-damaged berries, 

who may also have stopped accumulating sugars, kept enlarging.  

The effect of HE1 on non-damaged berries was consistent with previous findings for well-

irrigated Shiraz bunches, heated after flowering (Gouot et al., 2019b, 2019c). However, 

while all experiments were similar in average day temperature over the 3-day period 

(36/37 °C), in the present study, extremes were slightly “milder” (40 °C here versus 45 °C 

in the previous experiments) and did not generate any damage. These findings again 

highlight the importance of maximum temperatures reached at a given phenological stage. 

In the current experiment, HE1 was applied at the beginning of the first berry growing 

stages, and the heat may have blocked cell expansion and division over the 3-day period 

but did not create any necrosed tissue as opposed to the previous experiment (Gouot et 

al., 2019b). Berry growth resumed at a similar rate as the non-heated berries after HE1, 

and differences with CB remained until the end of berry ripening (F+81). HE2 also 

occurred at a critical phenological stage, with berries at véraison particularly sensitive to 

high temperature (Gouot et al., 2019d). Berries softening but yet to colour, exhibited a 

response to temperature around 45 °C when the beginning of véraison was targeted as 

opposed to coloured berries (about 10 °Brix) (Gouot et al., 2019a). Altogether, data from 

past and current experiments on well-irrigated potted Shiraz bunches confirm that green 

berries, from berry set (E-L 31) until the onset of véraison (E-L 33) cannot survive berry 

surface temperature above 44 °C (Gouot et al., 2019b). The threshold for irreversible 

berry damage seems to be in the 42-44 °C window during berry development and should 

now be confirmed under field conditions. At these temperatures, berries immediately 

exhibited browning on the first day, followed by rapid necrosis and shrivelling. This 

damage could not be mitigated and/or stopped through maintaining water availability, 

and was irreversible. In addition, the possibility of acclimation improving tolerance to 

high temperature was tested with the double heat treatment (T1+2). In this experiment, 
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HE1 was run with a milder temperature treatment (sub-lethal), followed by a period of 

rest and then HE2 was more intense (lethal challenge), as described in Morales-Quintana 

et al. (2020). Even though grape leaves and berries have shown genetic potential for 

acclimation by rapidly producing heat shock proteins or factors (Carbonell-Bejerano et 

al., 2013; Carvalho et al., 2015; Kobayashi et al., 2010), no physiological acclimation was 

observed for T1+2 berries as these were the most damaged. 

Total skin tannins. Neither total skin tannin concentration (Figure 3A) nor content 

(Figure 3C) was affected by HE1 during berry development. However, after HE2, the 

concentration decline observed for CB was faster for T1+T2. A significant effect of HE2 

as well as interactions were observed at F+67 and 81, with T1+2 the most impacted and 

total skin tannin concentration 2.5 times lower than that of CB (Figure 3A). Skin tannin 

content was only affected by HE2 at F+81 where T1+2 content was significantly reduced 

compared to CB (Figure 3C). 

The lack of skin tannin response to high temperature after flowering is a contrasting result 

compared to previous findings by the authors (Gouot et al., 2019b, 2019c). However, this 

could be explained by the temperature treatment intensity in the present study, which 

spanned 39-40 °C over the 3-day treatment period compared to maxima close to 45 °C in 

previous experiments where bunches or whole vines were heated at the same phenological 

stage (Gouot et al., 2019b, 2019c). In fact, skin tannins were only slightly affected by 

high day temperature in Gouot et al. (2019b), with the most significant response observed 

when the berries were exposed to high day and night temperatures. On the other hand, a 

rapid decrease in skin tannins after an extreme heat stress generating damage, here at the 

onset of véraison, was consistent with a previous experiment where mid-ripe berries were 

exposed to extreme heat stress (Gouot et al., 2019a). 

Detailed skin tannin composition. Most changes in skin tannin composition 

appeared during berry development and then proportions generally stabilised during berry 

ripening. Proportions of terminal (Xterm) and upper (Xup) subunits were not significantly 

affected after HE1 and HE2 throughout the experiment, except for the last sampling dates 

when berries were damaged (F+67 and 81). Former studies on Sangiovese and Merlot 

also found that skin tannins were inconsistently affected by mild heat treatments (Gouot 

et al., 2019d). Thus, to simplify data presentation, average values across all treatments 

and three representative sampling dates (F+21, 53 and 81) were chosen to illustrate 

compositional changes throughout berry development and ripening with the nine subunits 
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typically detected in skin (Table 1). The most abundant upper subunit in skin was (-)-

epicatechin (ECup) with 63-64% after flowering, decreasing until the onset of véraison 

and stabilising up until maturity. The most abundant terminal subunit in skin was (+)-

catechin (Cterm) increasing from 2.7 to 4.1% during development and ripening. In 

decreasing order of abundance, upper subunits were (-)-epigallocatechin (EGCup) with 

values spanning 27-39%, then (-)-epicatechin gallate (ECGup) with values spanning 2.7-

5.4% and Cup below 0.02%. Terminal subunits in order of abundance were GCterm, ECterm, 

ECGterm, all increasing from 0.4, 0.04 and 0.02 to 0.9, 0.67 and 0.24% while EGCterm, the 

least abundant, was stable with values spanning 0.03-0.04%. While the magnitude of the 

most abundant subunits was similar to those previously measured in Australian Shiraz 

(Downey et al., 2003; Kennedy et al., 2001; Kennedy & Jones, 2001; Kennedy et al., 

2000b; Teng et al., 2019), the order of less abundant subunits varied the most from the 

literature. This result is expected for low abundance compounds but could also be 

explained by either differences in instrument sensitivity or, more importantly, plants, 

vintage and growing conditions. 

In skin, no significant effects were found on composition until after HE2, when berries 

were damaged and more than 30% of them shrivelled (Supplementary Table 1). Most 

subunits, expressed in mg/g skin DW, exhibited a similar behaviour to total skin tannins 

at F+67 and F+81 and were significantly lower for T1+2 compared to CB (data not 

shown). The percentage of dihydroxylated forms (EC, C, ECG) was not affected at any 

sampling dates as well as skin mDP, which spanned 20-30 throughout the experiment 

(data not shown). As a result, conversion yield and size distribution measurements were 

not conducted. After HE2, the percentage of galloylation (%gall) of T1+2 and T2 was 

decreased at F+67 with 2.3% while CB and T1 averaged 2.8% (data not shown). ECGterm 

was found in higher proportion in T1+2 compared to CB but ECGup, in higher percentage 

than ECGterm was significantly decreased and drove the lower %gall (data not shown). 

The increase in galloylation reported in previous experiments (Gouot et al., 2019a, 2019b) 

was not observed in this experiment, most likely because the intensity of the treatments 

reached in this experiment (40 °C during development and 45 °C at véraison) was milder 

than previously (45 °C during development and 54 °C after véraison) and did not impact 

berries as much. This observation, considered together with other experiments (Gouot et 

al., 2019b; Rienth et al., 2016), suggests that cooler temperatures (20 vs 30 °C) may 

favour biosynthesis of galloylated forms while temperatures approaching40 °C might 

impair galloylation when compared to 30 °C and, under more extreme conditions (45/54 
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°C), galloylated forms are degraded but remain the most abundant in shrivelled/damaged 

berries. The galloylation reaction appears to demonstrate a temperature-dependent 

response, which in turn may be influenced by temperature intensity. Further 

investigations are thus required to fully understand the impact of temperature at the 

chemical level (stability of galloylated forms) as well as at the molecular level as the 

galloylation process remains to be fully elucidated (Bontpart et al., 2016). 

Total seed tannins. Total seed tannin concentration was not affected by either HE1 or 

HE2 (Figure 3B). When expressed on a per berry basis, a very small but significant 

decrease in seed tannins was observed right after HE1 (F+25) but this was the only effect 

for total seed tannin content (Figure 3D). The inertia of seed tannins in regard to high 

temperature has been previously observed by the authors apart from the stages right after 

flowering when seeds are green and very fragile (Gouot et al., 2019a, 2019b, 2019c). 

Tannins in brown seeds do not seem to be affected by extreme high temperature even 

when berries are desiccated following heat stress from the onset of véraison onwards. The 

small effect after HE1 can be explained by seed development disruption. While for 

control berries, fresh seed weight per berry increased from 19 mg to 50 mg, heated seed 

weight, only increased from 18 to 37 mg which mean that seed did not develop as much 

when berries were heated. This is in accordance with previous results from experiments 

conducted on Shiraz at the bunch and whole-vine levels 20 days after flowering (Gouot 

et al., 2019b, 2019c). Thus, these findings would suggest that the sensitivity window for 

seed development and chemistry could be narrowed to the period from berry set to pea 

size. 

Detailed seed tannin composition. Seed tannin composition appeared to also change 

the most during berry development, with proportions generally stabilised during berry 

ripening (Table 1). Similar to skin, the most abundant extension subunit in seeds was also 

ECup with 63% after flowering, decreasing until the onset of véraison and stabilising up 

until maturity. The most abundant terminal subunit was also (+)-catechin (Cterm), with 

about 10% in seeds. Besides, prodelphinidins (EGC and GC) were detected for the first 

time in seeds due to the use of a more sensitive detector (MS) and mode of quantification 

(multiple reaction monitoring mode). In the present study, EGCup could be measured by 

MS but could not be quantified as it was too low and not detected by UV which is also 

required to accurately quantify this compound in this matrix (Kennedy & Jones, 2001; 

Pinasseau et al., 2016). GCterm was also found in very small concentration, and proportion 
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(<0.1%), but could be quantified. In general, seed subunit proportions were similar to 

previously reported values in Australian Shiraz (Downey et al., 2003; Kennedy et al., 

2001; Kennedy & Jones, 2001; Kennedy et al., 2000b; Teng et al., 2019). ECGup and 

ECGterm were the second most abundant extension and terminal subunits, spanning 22-

12% and 3.9-2.6%, respectively. As a result, seed %gall averaged about 25% after 

flowering and decreased to 16% during berry ripening. Furthermore, in agreement with 

Gouot et al. (2019b), seed composition was affected at F+25 where ECup was significantly 

increased in heated berries right after HE1 (Figure 4A). Although EC is the most abundant 

subunit in seeds, no other compounds were affected and its increase was not sufficient to 

significantly impact total tannins, contrary to previously observed (Gouot et al., 2019c). 

In addition, free flavan-3-ol monomers (EC, C and ECG) showed the most differences in 

concentration at F+67, whereby the HE2-heated treatments did not show the typical 

increase/decrease observed in CB and T1 (Figure 4B). A spike in seed flavan-3-ol 

biosynthesis has been generally reported at véraison (Bogs et al., 2005; Kennedy et al., 

2000a). This finding suggests that the phenylpropanoid pathway may be activated in both 

skin and seeds at véraison but while skins are producing and accumulating anthocyanins, 

seeds may produce monomers with a quick turn-over that are quickly used or oxidised 

(Kennedy et al., 2000a; Kennedy et al., 2000b). Hence, extreme heat may have led to a 

cessation of flavan-3-ol biosynthesis at this specific stage in the seeds or to a faster 

oxidation of the newly produced monomers. However, this effect was no longer evident 

two weeks later (F+81). This result contrasts with another study on the effect of high 

temperature whereby free flavan-3-ols were increased at mid-véraison in heated berries 

(Wu et al., 2019). However, in their study, the temperature treatment was milder (+1.5 

℃) but ran for the whole season. 

Seed tannin size distribution. For the tannins that were successfully cleaved upon 

phloroglucinolysis, seed tannins from berries heated at HE1 exhibited a significantly 

higher mDP at F+25 and F+32 (Figure 4C). Indeed, tannin size was increased by about 

two subunits between heated and non-heated berries although the increase was no longer 

significant two weeks after treatment. However, HE2 had no effect on seed mDP at any 

sampling dates despite its higher temperature intensity.  

To the author’s knowledge, the measurement of seed tannin mDP around berry set has 

never been reported. Seed development has been extensively studied and tannin 

concentration and composition analysed (Harbertson et al., 2002; Kennedy et al., 2000a; 
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Kennedy et al., 2000b). However, in the present study, seeds were analysed from 20 days 

after flowering, which was about two weeks before the first sampling made by Kennedy 

et al. (2000b). With measurements starting later during berry development (one month 

after berry set), a fast decline in seed tannin size at the end of berry development and a 

slow decline throughout ripening has been observed (Kennedy et al., 2000b). In the 

present study, a rapid decrease from F+32 until véraison was also observed, however an 

increase was initially observed between F+21 and F+25. The measurements conducted 

on seeds alone at several sampling dates around berry setting highlighted a novel 

behaviour that complements observations made previously where mDP increased from 

10 subunits in inflorescences to 25 subunits in flowers/whole berries, 7 days post-

flowering (Bogs et al., 2005). 

As seed mDP was impacted by HE1, conversion yields were checked for all seed samples 

by comparing total tannins measured by the MCP assay and by phloroglucinolysis (Figure 

S1). Mass conversions across treatments did not differ on a given sampling date, except 

at F+67, indicating that, during berry development, comparison of tannin composition 

and size, between treatments was possible at a given sampling date. Besides, yields were 

also found to be very stable during development with an average of 70%, which increased 

to 90% around véraison, as opposed to a previous study on Shiraz seeds (Kennedy et al., 

2000b). 

In addition to tannin average size measured by phloroglucinolysis, the average molecular 

mass, calculated from the GPC analyses, was determined for every seed sample of phase 

I (Figure 4D). For all treatments, the average molecular mass decreased rapidly from 

about 8,993 g/mol at F+21 to 6,791 g/mol at F+25, which would appear contradictory to 

the increase in mDP described above. However, explaining this phenomenon is limited 

by the current analytical capability, and the disparity observed between mDP and the 

average molecular mass could be due to the use of two separate analytical methods. While 

phloroglucinolysis may not be taking into account tannin three-dimensional structure and 

compactness, which can induce differences in hydrodynamic volumes in GPC (Brillouet 

et al., 2017; Kennedy & Taylor, 2003), the latter may also measure other compounds. In 

addition, the current knowledge on tannin polymerisation is still limited. Previous 

research have reported that flavan-3-ols and other compounds such as 

leucoanthocyanidins could be involved in the polymerisation process and act as initiation 

subunits but polymerisation mechanisms were not fully understood (Dixon et al., 2005). 

To date, the end of the pathway is still speculative but recent research have found that 
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free flavan-3-ols (C and EC) bound with cysteines (Cys) could also be involved in the 

polymerisation process (Liu et al., 2016; Yu et al., 2019). However, the reaction 

mechanism is unknown and it is unclear whether the cysteine moiety would still be 

present in a polymerised tannin, and if it would be measured by either methods. If these 

compounds were measured by GPC and not by phloroglucinolysis, the higher molecular 

mass (409.1 g/mol) compared to C or EC alone would contribute to a higher tannin 

average molecular mass for a given size. Nevertheless, the observations in the present 

study do not support this hypothesis. 

In conclusion, with the current knowledge status, it is complex to explain why seed tannin 

mDP generally increased between F+21 and F+25 while average molecular mass 

decreased. However, average size measured by both methods (phloroglucinolysis and 

GPC) were higher in heated treatments compared to CB after HE1, thereby providing 

strong evidence that high temperature can modulate seed tannin polymerisation. This 

process appears to be both enzymatically, with LAR involved in both flavan-3-ol 

biosynthesis and generating Cys-EC (Gouot et al., 2019d; Rousserie, 2019; Rousserie et 

al., 2019), and chemically driven with the formation of a carbocation by oxidase enzymes 

such as laccase or polyphenol oxidase (Liu et al., 2014; Pourcel et al., 2005; Sánchez-

Mundo et al., 2016). Hence, further research is needed to understand if high temperature 

led to higher polymerisation via upregulation of genes such as LAR1 and LAR2 and/or 

favoured the carbocation formation due to increased activity of oxidases and/or reaction 

with reactive oxygen species that could have been produced under heat stress.  

Phase II. During phase II of the experiment, all treatments were harvested on different 

dates but at a similar average ripeness level of 22 °Brix (Figure 2B). Berries were thus 

sampled at the end of the main sugar accumulation period before any major weight loss 

to avoid adding another variable in the experiment (Deloire, 2011). As observed in 

Bindon et al. (2017), phloroglucinolysis conversion yields can significantly vary between 

extraction solvents. In addition, differences in mass conversion between solvents can be 

due to the higher reactivity and conversion of low molecular mass tannins into non-

depolymerisable forms. Tannin concentrations determined by MCP assay were thus 

chosen to compare total and extractable tannin concentrations, while phloroglucinolysis 

was used to compare detailed subunit composition between treatments per extraction 

method. 
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Skin tannins. In skin, total tannin concentration, measured after extraction with 60% 

(v/v) acetone, averaged 42 mg/g skin FW for CB and T1, while T2 was significantly lower 

than T1 with 22 mg/g, and T1+2 was not different from any of the treatments (Figure 

5A). When measured after extraction with 15% (v/v) aqueous ethanol, extractable tannins 

averaged 7.5 mg/g without any differences between treatments. HE2 led to a significant 

decrease in average total concentration but did not impact on extractable concentrations 

as the average extraction ratio was increased between heated and non-heated berries upon 

HE2 (28 versus 19%). However, berry skin tannin concentrations (mg/g berry) were not 

impacted by treatments or heat events regardless of the extraction solvents (data not 

shown). Berry skin content behaved similarly to skin concentration, with T2 total tannins 

lower than CB and T1, although differences were not significant as extraction ratios were 

similar (Figure 5B). Differences in behaviour between concentrations and content could 

be explained by skin/berry weight ratios being significantly higher for berries heated at 

HE2 whether they were peeled fresh or frozen, ruling out any artefacts from peeling (data 

not shown). A higher skin/berry ratio could suggest a physiological response of the berries 

to the high temperature applied during HE2. This result was consistent with previous 

research on the effect of elevated temperature on Shiraz where heated berries had a higher 

skin/pulp ratio regardless of the water status (Bonada et al., 2015). Although differences 

were not significant, the average skin weight per berry and skin moisture were higher 

after HE2 (data not shown) and skin thickness could have increased. Berry texture or 

mechanical measurements were not conducted on these berries, however these findings 

suggest that skins of berries heated at the onset of véraison were modified and this 

alteration could have led to higher release of extractable phenolic compounds into the 

solvent. In the present experiment, skin was likely thicker and these results could contrast 

with previous findings on other flavonoids such as anthocyanins, for which extraction 

increased with thinner skins (Segade et al., 2011). However, temperature has also been 

found to initiate cell wall modifications (Degu et al., 2016; Lecourieux et al., 2019; 

Lecourieux et al., 2017; Rienth et al., 2014; Rienth et al., 2016) and these would surely 

impact on extractability (Bindon et al., 2014; Hanlin et al., 2010). Further analytical work 

such as protein, lignin and polysaccharide analyses as well as microscopy should be 

undertaken to complement the present findings on the effect of intense heat stress on berry 

skin cell integrity and phenolic compound extractability. 

In addition to total and extractable concentrations, detailed composition was investigated, 

using ANOVA-PCAs to assess the effect of several factors (Bouveresse et al., 2011; 
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Harrington et al., 2005). Treatments (CB, T1, T2, T1+2), extraction solvents and vines 

were included in the analysis, while heat events (HE1 and HE2) were not selected as they 

did not show any effect (data not shown). Most differences observed in skin composition, 

measured after phloroglucinolysis, were driven by the extraction solvent (Figure 6). Skin 

tannins extracted with 15% (v/v) aqueous ethanol exhibited a higher proportion of most 

subunits, except EGCup. Besides, Cup did not contribute at all along PC1 but was the most 

impacted along PC2 (Figure 6). Significant treatment effects were observed for skin 

tannin composition, with T1 and T2 grouped together and separated from T1+2 and CB. 

All treatments were spread diagonally from bottom right to top left with Cup contributing 

the most to the dispersion along PC1, followed by GCterm and ECup, while GCterm and Cup, 

followed by ECup, ECGup and EGCterm, contributed the most to the separation along PC2. 

T1 and T2 skin tannins consistently exhibited higher proportions of Cup and ECup, 

regardless of the extraction solvent, followed by T1+2. CB skin was found with the 

highest GCterm proportion regardless of the solvent, however, GCterm was the least 

abundant in T1 acetone extracts and T2 ethanol extracts. There was no separation between 

Treatment*Solvent suggesting that there were no interactions between the factors (Figure 

6). 

Various protocols to study the extractability of skin phenolics in grapes have been used 

in the last two decades (Cortell & Kennedy, 2006; del Rio & Kennedy, 2006; Hernández-

Jiménez et al., 2012; Moreno et al., 2008; Peyrot des Gachons & Kennedy, 2003). 

Extraction with 60-70% (v/v) aqueous acetone is widely used and reported as being the 

most effective, while extraction with 12-15% (v/v) aqueous ethanol is more relevant to 

compare with winemaking (Bonada et al., 2015; Scollary, 2010). In the present study, 

total tannins were extracted from frozen ground skin, and hence measured in higher 

concentrations compared to previous studies done on intact tissues (Bindon et al., 2014; 

Bonada et al., 2015). Conversion yields, resulting from the comparison of tannins 

measured by MCP and phloroglucinolysis, were not affected by any factors for ethanol 

extracts but an effect of HE2 and interactions was observed for acetone extracts (Table 

S2). Estimating changes in tannin composition was thus limited by the amount of tannins 

converted however, alternative methods are not yet available. 

Bonada et al. (2015) did not find any consistent temperature effect on skin tannin 

concentrations between solvents which is in agreement with the findings of this study. 

While elevated temperature decreased skin tannin concentrations (mg/g skin) when 

extracted in 70% (v/v) aqueous acetone, the effect was not evident when extracted with 
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12.5% (v/v) ethanol. No other effect on berry skin concentration (mg/g berry) or content 

were found for any solvents, similarly to the present findings. Mild elevated temperature 

during a whole season had the same effects as the short but extreme stress applied in the 

present study. In addition, limited research findings are available for direct comparison 

of detailed composition between extraction solvents apart from the work conducted by 

Bindon et al. (2017). Similar to their observations, the mDP of extractable skin tannins 

was lower than for total tannins in the present study (Table S2). This was also observed 

when tannins extracted from intact skin with aqueous ethanol were compared to non-

extracted tannins left in the tissue (Fournand et al., 2006). In addition, in the present study, 

proportions of EGC and EC in skin were affected by the solvents (data not shown). A 

previous study found that EGC and EC extraction rates were very stable across matrices 

(wine and model wine) (Peyrot des Gachons & Kennedy, 2003) and the findings in the 

present study suggest that acetone extraction may not be appropriate to predict EGC and 

EC percentages in wine. 

Differences between treatments were also found and these effects were sometimes 

consistent regardless of the solvent used with for example, an increase in Cup and ECup for 

T1 and T2 (Figure 6). This observation showed that a single application of high 

temperature had more effect than the double application, although T1+2 was also slightly 

separated from CB. If heat events can impact on the main two dihydroxylated flavan-3-

ols (EC and C) in the vineyard, this could also be reflected in the wine and modify colour 

and astringency. In addition, HE2 significantly increased the percentage of galloylation 

in acetone extracts, but this effect was lost when assessed by aqueous alcohol extraction 

and thus, could also disappear when skin tannins are extracted under real winemaking 

conditions. To date, there is no literature available to compare these findings on the effect 

of high temperature spells on detailed tannin composition at maturity and whether this is 

reflected in wine. 

Finally, detailed flavonoid composition analyses were also performed (data not shown) 

and anthocyanins showed a similar trend to skin tannins in terms of extraction, confirming 

increased extraction ratios for skin exposed to high temperature at the onset of véraison. 

A high vine-to-vine variability, with at times large differences in skin composition, was 

also observed (Figure 6). Multi-variable analyses showed that parameters, other than 

temperature-related or harvest dates, influenced skin phenolic composition and further 

analysis are required to fully understand the reasons for this inter-vine variability.  
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Seed tannins. Total and extractable seed tannin concentrations (mg/g seed FW) and 

extraction ratios did not show any significant effects between treatments, although HE1 

affected total tannins (Figure 5C). When concentrations were expressed per g berry FW 

(Figure 5D), total tannins were significantly higher in T2, with 3.4 mg/g, than in any other 

treatments, ranging 2.2-2.4 mg/g. However, this was not reflected in extractable tannin 

concentrations as the extraction ratio for T2 was the lowest (39%). Contents on seed and 

berry bases also exhibited higher total tannins for T2 but these were not significant (data 

not shown). Higher seed/berry weight ratios, although not significant (data not shown), 

suggest a physiological response of T2 berries to the high temperature treatment and 

supports the contrasting behaviours between seeds and whole berry. Seed weight per 

berry was slightly higher in T2 (105 mg vs 87-94 mg for other treatments), and, combined 

with an increased seed tannin concentration, although both non-significant, this could 

explain the significantly higher concentration in T2 berries. Seed tannin composition did 

not reflect any of the observations made for skin tannins whereby differences in tannin 

subunits were not sufficient to separate treatments (Figure S2). 

As opposed to the present study, previous research on the effect of elevated temperature 

on seed tannins found that a mild treatment (+1.3 ± 0.6 ℃) applied for the whole season 

significantly decreased seed tannin concentrations and content, regardless of the solvent 

(acetone or ethanol) used for extraction (Bonada et al., 2015). In the present study, 

following the effect of short spells of high temperature on the accumulation of seed 

tannins showed that HE2 had no clear effect, except for T2, and the effect of HE1 was 

only evident on total seed tannin concentration. Hence, although temperature seemed to 

impact on tannins at berry set, the effects of HE1 were not carried through until maturity 

and were not reflected in the extracts. These findings suggest that only long-term 

temperature increase may significantly impact on seed tannin concentrations by harvest. 

Rousserie et al. (2019) also underlined the enormous lack of knowledge concerning seed 

tannin and flavan-3-ol accumulation and extractability, with further work required to gain 

a better understanding. Limited literature on detailed seed tannin composition is available 

apart from the work of Bindon et al. (2017) using different solvents. In the present study, 

both size and galloylation of seed tannins extracted in ethanol were reduced compared to 

acetone. Similar results were found by Bindon et al. (2017) for size, however galloylation 

was not impacted. By maturity, composition was not impacted by treatments, confirming 

the observations made for concentrations, and in agreement with previous studies from 

the authors (Gouot et al., 2019a, 2019c). When heat was applied at the bunch level for a 
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short period (here three days), the treatments did not impact on final seed composition 

and seed development, although disrupted for a short period of time. These findings 

suggest that heatwaves may have no effect on seed tannin extractability and wine 

composition may not be impacted. The present observations should be tested under real 

vineyard and winemaking conditions to be confirmed and the effect on subsequent wine 

seed tannin composition investigated when skin and seeds are extracted together.  

CONCLUSION  

The single and cumulative effects of high day temperature exposure on Shiraz berry 

tannins were assessed with a 3-day heat event at E-L 31, where maximum bunch 

temperature was held just below 40 °C, and another 3-day event at E-L 34/35 with a 

maximum around 45 °C. Consistent with previous observations at E-L 31, seed tannins 

exhibited an immediate but small decrease that disappeared quickly during berry 

development. At E-L 34/35 however, berries were significantly damaged with a 

significant reduction in total skin tannins, regardless of heat pre-exposure post fruit-set. 

Berries exposed to high temperature during both treatment periods did not show any sign 

of acclimation and were in fact the most damaged. Skin and seed tannin extractability, 

assessed at harvest on visually undamaged berries, showed that while total skin tannin 

concentrations, extracted with 60% acetone, were clearly reduced by HE2, skin 

extractable tannin (15% ethanol) and seed tannin concentrations were not impacted.  

Phenolic extraction from grapes to wine is a complex process and involves microbial 

interactions (yeast, bacteria), winemaking protocols, etc. Further investigations are 

required to confirm the potential increase in skin tannin extractability and compensation 

into wine as observed under wine-like extraction. Maintaining wine quality under a 

changing climate with more frequent extreme events leading to heat stress and/or water 

stress is not without challenges. The present work showed that short spells of high 

temperature alone, tested under controlled conditions, did not impact on extractable skin 

and seed phenolics, although concentration and composition of total skin tannins were at 

times affected. Under field conditions, extreme heat will be combined with extreme light 

and potential water deficit. These three factors altogether have been found to significantly 

impact on berry and subsequent wine composition. Indeed, temperature could impact 

wine mouthfeel, bitterness and astringency properties as they could be modified following 

changes in tannin structure, including size and/or galloylation. In addition, colour 

stabilisation which not only depends on anthocyanins but also on tannins, might be 
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compromised. Fortunately, several decades of oenological research have provided 

efficient tools to increase phenolic extractability and if composition is known to be altered 

at harvest, adjustments can be made in the winery. For example, if seed tannin 

concentration remains unchanged despite several heatwaves but skin composition is 

altered, corrective winemaking with longer maceration could be undertaken in the winery 

to either extract more skin phenolics or to compensate with seed phenolics. However, the 

latter needs to be tested in the winery as tannin structure differs between tissues (seed 

tannins with higher galloylation but smaller in size) and wine style could be impaired.  
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Figures and tables 

 

 

Figure 1. Daily mean (Tmean), minimum (Tmin) and maximum (Tmax) temperatures in the 

glasshouse during the experiment (A) with main growth and heat events (HE), and 

average temperature records (every 30 min) during the 1st HE (HE1) at E-L 31 (B) and 

the 2nd HE (HE2) at E-L 34/35 (C) for the four treatments (Control Blower (CB), heated 

during HE1 (T1), heated during HE2 (T2) and heated twice (T1+2)). 
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Figure 2. Effect of the heat events (HE) on berry fresh mass (A) and on pulp total soluble 

solid (TSS) (B) measured for each treatment (Control Blower (CB), heated during HE1 

(T1), heated during HE2 (T2) and heated twice (T1+2)) during phases I (mean ± stdev) 

and II (individual). The effect of factors (HE1 and HE2) was tested by 2-way ANOVA 

for each sampling date and * indicates significant effects of HE1, # indicates significant 

effects of HE2 and X for interactions (*, **, *** indicates significant effects at p<0.05, 

0.01, 0.001, respectively). Significant differences between treatments were tested by 

ANOVA followed by post-hoc Tukey test for each sampling date after HE2 and are 

indicated with lower case letters (p<0.05). 
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Figure 3. Average (mean ± stdev) tannin concentrations expressed in mg/g dry weight 

(DW) in skin (A) and seeds (B) and average skin (C) and seed (D) tannin content during 

phase I of the experiment for each treatment (Control Blower (CB), heated during HE1 

(T1), heated during HE2 (T2) and heated twice (T1+2)). The effect of factors (HE1 and 

HE2) was tested by 2-way ANOVA for each sampling date and * indicates significant 

effects of HE1, # indicates significant effects of HE2 and X for interactions (*, **, *** 

indicates significant effects at p<0.05, 0.01, 0.001, respectively). Significant differences 

between treatments were tested by ANOVA followed by post-hoc Tukey test for each 

sampling date after HE2 and are indicated with lower case letters (p<0.05). 
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 Table 1. Composition of skin and seed tannins across all treatments during phase I 

of the experiment with average extension (Xup) and terminal (Xterm) subunit 

concentration proportions of C, Catechin; EC, Epicatechin; ECG, Epicatechin 

gallate; GC, Gallocatechin, EGC, Epigallocatechin; and %gall, percentage of 

galloylation, 21 days after flowering (F+21), at the onset of véraison (F+53) and at 

the end of berry ripening (F+81).  

 

  Subunit composition (mol %) 
% 

gall 

 

 Sampling 
date 

ECup EGCup ECGup Cup Cterm GCterm ECterm EGCterm ECGterm 

Sk
in

 F+21 64 27 5.4 0.2 2.7 0.4 0.04 0.04 0.02 5.5 

F+53 51 39 2.9 0.1 3.6 0.7 0.11 0.03 0.08 2.9 

F+81a 56 36 2.7 0.1 4.1 0.9 0.67 0.04 0.24 2.8 

Se
ed

 F+21 63 NQ 22 0.9 10 0.04 0.5 0.02 3.2 25 
F+53 59 NQ 12 1.1 11 0.04 13 0.05 3.9 16 
F+81 61 NQ 13 1.6 9 0.06 13 0.07 2.6 16 

NQ, Not quantified 
a Significant differences between treatments not shown in this table  
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Figure 4. Average (mean ± stdev) seed epicatechin (ECup) extension subunit 

concentration (A), total free flavan-3-ol concentration (B), both expressed in mg/g seed 

DW, mean degree of polymerisation (mDP) (C) and tannin average molecular mass 

deriving from the size distribution analysis (D) during phase I of the experiment for each 

treatment (Control Blower (CB), heated during HE1 (T1), heated during HE2 (T2) and 

heated twice (T1+2)). The effect of factors (HE1 and HE2) was tested by 2-way ANOVA 

for each sampling date and * indicates significant effects of HE1, # indicates significant 

effects of HE2 and X for interactions (*, **, *** indicates significant effects at p<0.05, 

0.01, 0.001, respectively). Significant differences between treatments were tested by 

ANOVA followed by post-hoc Tukey test for each sampling date after HE2 and are 

indicated with lower case letters (p<0.05). 
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Figure 5. Total (60% (v/v) acetone) and extractable (15% (v/v) aqueous ethanol) skin and 

seed tannin concentration or content measured by methyl cellulose precipitable assay 

during phase II of the experiment. Values are expressed in mg/g skin (A) and mg/berry 

(B), mg/g seed (C) and mg/g berry (D) on a fresh weight basis (FW) for each treatment 

(Control Blower (CB), heated during HE1 (T1), heated during HE2 (T2) and heated twice 

(T1+2)). Extraction ratio (%) corresponds to the percentage of tannins that could be 

extracted via aqueous alcohol compared to total tannins, extracted via 60% acetone. The 

effect of factors (HE1 and HE2) was tested by 2-way ANOVA and * indicates significant 

effects of HE1, # indicates significant effects of HE2 and X for interactions (*, **, *** 

indicates significant effects at p<0.05, 0.01, 0.001, respectively). Significant differences 

between treatments were tested by ANOVA followed by post-hoc Tukey test and are 

indicated with lower case letters (p<0.05).  
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Factor 1 – 
Treatment 
CB 
T1 
T2 
T1+2 

  
Factor 2 – 
Extraction 
solvent 
60% 
Acetone 
15% 
Ethanol 

  
Factor 3 – 
Vine 
From 1 to 
12 

  
Interactions 
1×2 – 

Treatment* 
Solvent 

  
  

1.EGCup, 2.GCterm, 3.Cup, 4.ECup, 5.EGCterm, 6.Cterm,  
7.ECGup, 8.ECterm, 9.ECGterm 

Figure 6. ANOVA-PCA of skin detailed tannin proportions for each treatment (Control 

Blower (CB), heated during HE1 (T1), heated during HE2 (T2) and heated twice (T1+2)) 

during phase II of the experiment. On the left-hand side, biplots of the first two principal 

components (PC) for each factor (Treatment, Solvent and Vine) and interactions 

(Treatment*Solvent) and on the right-hand side, corresponding loadings of each 

parameter (1 to 9), i.e., relative contributions of extension (Xup) and terminal (Xterm) 

subunits to each PC with C, Catechin; EC, Epicatechin; ECG, Epicatechin gallate; GC, 

Gallocatechin and EGC, Epigallocatechin.   
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4.5. Supplementary materials 

 

Table S1. Colour, damage and yield parameters recorded for each treatment (Control 

Blower (CB), heated during HE1 (T1), heated during HE2 (T2) and heated twice (T1+2)) 

during phases I and II of the experiment. The effect of factors (HE1 and HE2) was tested 

by 2-way ANOVA and * indicates significant effects of HE1, # indicates significant 

effects of HE2 and X for interactions (p<0.05). Significant differences between 

treatments were tested by ANOVA followed by post-hoc Tukey test (n=12) and are 

indicated with lower case letters (p<0.05). Measurements are referred by the number of 

days after flowering (F+). 

Parameters 
Treatment 

CB T1 T2 T1+2 

Colouration (%) at F+53 <1 <1 0 <1 

Colouration (%) at F+61 41 18 13 36 

Number of days between end of 
flowering and onset of véraison 

50 ± 3 a 55 ± 3 b 55 ± 1 b 50 ± 4 a 

Damage (%) after HE2 0 0 26 63 

Shrivelled berries (%) at harvest 0 0 34-42 61-63 

Yield at harvest a (kg) # 0.76 0.70 0.59 0.37 
aWhole-bunch weight 
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Table S2. Compositional parameters of skin and seed tannin extracts at harvest (phase II): 

total with 60% (v/v) acetone (Ace) and extractable with 15% (v/v) aqueous ethanol 

(EtOH). Conversion yield (%yield) between tannins assessed by methyl cellulose assay 

versus phloroglucinolysis, proportion of dihydroxylated forms (%di; catechin, 

epicatechin and epicatechin gallate subunits) and percentage of galloylation (%gall) are 

reported. Mean degree of polymerisation (mDP) corresponds to the average number of 

subunits for tannins successfully converted by phloroglucinolysis. The effect of factors 

(HE1 and HE2) was tested by 2-way ANOVA and * indicates significant effects of HE1, 

# indicates significant effects of HE2 and X for interactions (p<0.05). 

 

 

 

 

 

  

 Solvent %yield  %di %gall mDP 

Sk
in

 Ace 74#X 47.8 2.7# 26.9 

EtOH 22 75.1 3.9 8.7 

Se
ed

 Ace 89* 99.9 13.7 4.0 

EtOH 65# 99.9 9.0 2.5 
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Figure S1. Changes in seed tannin conversion yields (%) during phase I of the experiment 

measured after the heat events (HE) for each treatment (Control Blower (CB), heated 

during HE1 (T1), heated during HE2 (T2) and heated twice (T1+2)). Significant 

differences between treatments were tested by ANOVA followed by post-hoc Tukey test 

and are indicated with lower case letters (p<0.05). 
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Factor 1 – 
Treatment 
CB 
T1 
T2 
T1+2 
 

  
Factor 2 –
Extraction 
solvent 
60% 
Acetone 
15% Ethanol 

  
Factor 3 – 
Vine 
From 1 to 12 

  
Interactions 
1×2 – 

Treatment* 
Solvent 

  
  1.GCterm, 2.Cup, 3.ECup, 4.EGCterm, 5.Cterm, 6.ECGup , 

7.ECterm, 8.ECGterm  

Figure S2. ANOVA-PCA on seed detailed tannin proportions for each treatment (Control 

Blower (CB), heated during HE1 (T1), heated during HE2 (T2) and heated twice (T1+2)) 

during phase II of the experiment. On the left-hand side, biplots of the first two principal 

components (PC) for each factor (Treatment, Solvent and Vine) and interactions 

(Treatment*Solvent) and on the right-hand side, corresponding loadings of each 

parameter (1 to 8), i.e., relative contributions of extension (Xup) and terminal (Xterm) 

subunits to each PC with C, Catechin; EC, Epicatechin; ECG, Epicatechin gallate; GC, 

Gallocatechin and EGC, Epigallocatechin. 
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Chapter 5 – Conclusions and future work 

5.1. Overall discussion  

5.1.1. Methods used to study temperature  

Direct method 

Bonada and Sadras (2015) undertook a comprehensive review of the methods used to 

study temperature effects on grapevine berry composition and described two main 

approaches whereby temperatures are either directly manipulated experimentally, or 

utilise natural environmental variations. While the two approaches are complementary, 

in studies using indirect methods, other abiotic factors can also vary and the sole effect 

of temperature is harder to interpret. For example, light and water regimes, known to 

interact with temperature, could vary between locations and seasons. Recent work 

successfully extracted the effect of temperature on Pinot Noir composition from other 

physiological and meteorological parameters but the study required a decade to acquire 

robust data (Blank et al., 2019). Thus, for this project, it was decided to use direct methods 

to study the sole effect of high temperature. While controlled environments are known to 

have artefacts, it was considered the most reliable approach and the most precise 

technique to changing background temperature as field experiments would have been 

subject to uncontrolled heatwaves, numerous over the duration of this project. One 

artefact that could have significantly impacted on the biosynthesis of the compounds of 

interest was identified prior to running the experiments and a glasshouse was selected to 

provide natural light and allow UV to be as close to outside conditions as possible. 

Treatment scale 

Of the three scales at which heat treatments can be applied: whole-vine, bunch or single 

berry; two were selected in this project (Table 1). Whole vines were heated using a novel 

open top chamber design that could be used in the glasshouse (Chapter 2) and bunches 

were heated with air directed from individual blower (Chapter 3 – part 1 and Chapter 4).  

The heating system at the whole-vine level was found to efficiently heat the canopy and 

bunches, however it also created a gradient of temperature along the vines and had a very 

small or no effect on photosynthesis and berry composition (Chapter 2). Hence, 

experiments were focused at the bunch level with localised heating. Heating whole vines 

in different bays was another approach employed in this project but the latter was only 

used to assess wine composition when berry composition was altered under extreme high 
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temperature (Chapter 3 – part 2). Indeed, without multiple over-time or spatial 

replications, this is not a suitable method to study vine physiology and berry composition 

responses to temperature. While controlled environment such as growth chambers have 

reliable and precise controllers, different bays within the same glass- or greenhouse are 

subject to variations due to their orientation (sunlight received, RH) and these parameters 

are harder to control. In fact, using different bays could bring more variations than using 

a heating system within a single bay. It would also have restricted the number of 

treatments due to glasshouse space availability and utilising complex experimental 

designs (2x2 factorial and Doehlert) would not have been possible during the timeframe 

of the project. 

Bunch heating experiments were aimed at understanding the mechanistic effect of 

temperature on berry metabolism and allowed the testing of a wider range of temperature 

treatments. Bunches were heated using a system previously designed by Tarara et al. 

(2000) and used successfully in a number of earlier field experiments (Cohen et al., 

2012a; Cohen et al., 2008, 2012b; Tarara et al., 2008). The system was expanded to 48 

fan heaters and its use over a 3-day period was satisfactory with possibilities to heat 

bunches up to 16 °C above background temperature. This method was the primary method 

used throughout the project with three experiments conducted at the bunch level (Chapter 

3 – part 1 and Chapter 4). 

In general, whole-vine heating experiments have mainly been used to assess the effect of 

high temperature on berry metabolism as a result of whole-plant physiology changes and 

in particular photosynthesis alterations (Salazar-Parra et al., 2018). On the other hand, 

bunch heating has allowed testing of the temperature effect on berry metabolism 

independently of the canopy, and higher berry surface temperatures to mimic increased 

heat by radiation due to direct sun exposure (Lecourieux et al., 2017). In summary, in this 

project, even though whole-vine experiments did not exhibit significant differences long 

after treatments, whole-vine and bunch experiments showed similarities in terms of 

immediate response, especially for seed tannins right after the heat treatment applied post-

fruit set. 

Intensity, duration and timing 

Past studies often limited the temperatures to 35-40 °C as they used one basic definition 

of heatwave (e.g. several days above 35 °C) as project background, which is broadly used 

but less specific. Less common are experiments with temperatures above 40°C, including 
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extremes likely to happen more often with climate change. In the Riverina, as an example 

of one of Australia’s hot climate regions, the 90th percentile progressively increases from 

32 to 35 °C in spring while it is 38 °C during most of the summer. Temperature treatments 

were chosen to test extremes with a maximum temperature range of 40-45 °C applied 

during berry development while a range of 45-55 °C was implemented during berry 

ripening. While air temperatures above 40 °C are common during summer in Australia’s 

hot climate regions, air temperatures above 50 °C have not yet been recorded in these 

locations. However, the surface of red grapes like Shiraz could reach such values when 

fully exposed to sunlight (Keller, 2010). Treatments were applied by heat differential and 

the increase was sometimes abrupt with +5 to 10 °C within less than half an hour. This 

could have impacted on how berries behaved as opposed to a slow increase in temperature 

(Kliewer, 1977). However, in Australia, temperature can rise quickly after sunrise and 

experimental conditions closely mimicked what could happen during a heatwave.  

The duration of the heat-treatment period was chosen according to the definition of 

heatwaves in New South Wales and three consecutive days were hence tested in most 

experiments. When extreme temperatures are occurring, only a few hours of exposure 

could create irreversible damage. This has been reported for other types of fruit such as 

apples which can exhibit necrosis within 10 minutes of heat exposure to 52 °C (Schrader 

et al., 2001). Hence, it was chosen to study the impact of duration within the 3-day period 

and durations varying between 3 and 39 hours were investigated (Chapter 3 – part 1). In 

the context of this study, duration had no impact with berries exhibiting severe damages 

at extreme high temperature (maxima above 50 °C) regardless of 1-day or 3-day exposure.  

Finally, night temperatures are warming faster than day temperatures and during a 

heatwave, without heat discharge at night, temperatures in the Riverina can stay around 

25-30 °C. In Chapter 2, vines were exposed to high day and night temperatures at once 

and the impact on composition could not be attributed to one or the other. However, in 

Chapter 4 – part 1, high night temperature was tested using a factorial design to separate 

the effect from day, night and/or cumulative heating. In this experiment, the impact of 

high night temperature was minimal on seeds and skin tannins were unaffected. It was 

thus decided to only focus on high day temperature when the experiment was repeated 

(Chapter 4 – part 2). This result was unexpected as recent studies highlighted the 

importance of high night temperature on grape composition although primary metabolism 

(especially malic acid) was mostly affected and tannins were not analysed in these studies 

(Rienth et al., 2014a; Rienth et al., 2014b; Sweetman et al., 2014). 



 

 

177 

 

Overall, these three parameters (intensity, duration and timing) were closely related to 

each other. Lower intensity treatments have been found to impact on grape composition 

when applied for a longer period. However, short but intense stress investigated in this 

project did also impact on berry physiology and quality. Combined, high day and night 

temperatures most impacted on berry composition with day temperature the main driver 

for metabolism changes and night temperature amplifying the effect. 

Phenological stages 

The phenological stage at which heat stress was imposed was by far the most important 

experimental parameter to consider in this project. From flowering until harvest, 

temperatures typically slowly increase to follow the seasonal trend. However, the increase 

in spring heatwaves observed as a consequence of climate change exposes vines and 

bunches to high temperatures earlier than usual. 

In general, early berry development has not been studied as much as véraison and berry 

ripening stages (Chapter 1). With most experiments focusing on post-fruit set stages 

(Chapter 2 and Chapter 4), we showed that early heat stress, implemented three weeks 

after flowering, can also significantly affect berry composition (primary and secondary 

metabolism). However, the effects were mostly observed shortly after the heating period 

and were less pronounced or completely disappeared by grape maturity. This could be 

due to the short duration of the treatment which triggered immediate but reversible 

changes, as observed for some amino acids such as skin tyrosine or pulp isoleucine 

(Chapter 4 – part 1). In addition, seed tannins were the most consistently affected due to 

indirect effects, as seed development was delayed during the heating period. However, 

when the treatment was stopped, seeds caught up with controls and kept developing 

normally (Chapter 2 and Chapter 4). Besides, no effects were carried over for compounds 

such as anthocyanins, for which synthesis started weeks after the end of the heating 

treatment, in agreement with previous studies (Buttrose et al., 1971; Lecourieux et al., 

2017).  

Berry tannins were not affected by post-véraison high temperature unless berries were 

visually damaged, and seed tannins were not or less impacted than in skins if berries were 

shrivelled or desiccated (Chapter 3). The onset of véraison was also studied in Chapter 4 

- part 2 and seemed to be a sensitive berry stage not only for anthocyanins, but also for 

free flavan-3-ols. Biosynthesis usually increases for a short period when berries soften 

and, in the experiment, the process was significantly impacted by heat, suppressing the 
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typical spike in flavan-3-ols observed at this stage. However, the effect disappeared 

quickly and was no longer present two weeks after treatment application.  

Finally, another important parameter investigated in more depth in this thesis was the 

potential effect of more than one heatwave within the same growing season. Two novel 

experiments were conducted, where vines and/or bunches were exposed to two non-

consecutives heat events (Chapter 2 and Chapter 4 – part 2). Few cumulative effects were 

found when the second heat stress was milder than the first one (Chapter 2). However, 

when the second heat stress was more intense, at the upper temperature limit of berry 

survival for the phenological stage, berries that were heated twice were the most damaged 

and did not show any sign of acclimation (Chapter 4 – part 2).  

Sampling and berry heterogeneity 

Recent studies have shown the importance of taking berry heterogeneity into account 

when examining physiological responses of grape berries (Bigard et al., 2019; Gouthu et 

al., 2014). Heterogeneity can be visually assessed when berries are going through 

véraison but is carried over from the time of flowering. Different sampling strategies can 

be employed such as individual berry analysis or berry sorting (Carbonell-Bejerano et al., 

2016; Rienth et al., 2016; Rösti et al., 2018). In this project, although the chemical 

analyses were scaled down, several hundred mg of freeze-dried skin and seeds were 

separately required for tannin analysis, therefore working on single berries was not 

possible. Similarly, berry sorting, most suitable to field experiments where a large number 

of berries is available, could not be employed. In the context of this project, only four 

bunches were heated per vine and regular sampling (weekly or bi-weekly), starting at E-

L 31, limited the number of berries that could be sampled. Other strategies to limit berry 

heterogeneity were employed instead. First, for most experiments, vines were carefully 

pre-selected depending on their flowering date to reduce inter-vine heterogeneity, then 

bunches were thinned after visual assessment for intra-bunch heterogeneity. A small 

number of berries (two to four per bunch) were chosen from the bunch face directly 

exposed to heating to provide a representative sample (Chapter 2 and Chapter 4). In 

Chapter 3 – part 1, bunches were also thinned to 30 berries each prior to treatment 

application to reduce the heterogeneity brought by véraison. The microvinification 

experiment (Chapters 3 – part 2) required a larger amount of fruit at harvest to be able to 

make sufficient wine samples. However, the aim of this experiment was not to assess the 

response of individual berries but to see the effect of high temperature on a pool of berries 
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(and subsequent wine) representative of field conditions where berries of different 

maturity levels are present at harvest. 

To provide a stronger context to a potential effect on tannins, other compounds known to 

be sensitive to temperature were also measured such as malic acid and compounds from 

the myo-inositol pathway. Overall, these compounds significantly responded to high 

temperatures in berries exposed to extreme stress, regardless of sampling strategies. 

5.1.2. Analytical methods 

Analysing tannins in grape berries is known to be challenging and the extraction and 

analytical methods were carefully chosen before running experiments. A novel rapid and 

sensitive method was adapted (Pinasseau et al., 2016), allowing, for the first time, the 

detection and quantification of minor compounds such as prodelphinidins in seeds.  

Recent research has highlighted limitations in tannin analysis due to oxidation during 

extraction or due to potential interactions with other compounds (K Bindon 2017, C 

Romieu 2019, personal communication). Extensive extract oxidation as shown in 

Brillouet et al. (2017) could be due to the use of large volumes of solvent (300 mL) and 

the subsequent time required to evaporate samples to dryness. In this project, much 

smaller volumes were used (1.64 mL in most cases and up to 4.1 mL, for the acetone 

mixture), allowing evaporation within two hours and limiting the amount of time tannins 

were in aqueous conditions. In addition, pulp tannins may not be extracted into wine or 

in very small concentrations as they are strongly bound to proteins and polysaccharides. 

That is, although they are detected when extracted with acetone (Verries et al., 2008), 

they may not be extracted with aqueous ethanol (Bindon et al., 2017). Hence, pulp tannins 

were not the focus of this project and were not assessed, except for Chapter 3 – part 2. In 

this experiment, skin flavonoids, such as anthocyanins, that would have diffused into the 

pulp were also of interest as readily extracted in the wine. This increased solvent 

evaporation time and the risk of tannin oxidation, potentially affecting conclusions of 

Chapter 3 – part 2, although differences in deseeded berry tannins were substantial.  

For the other experiments, the inclusion of pulp during extraction would have brought 

more interference due to high acid levels prior to véraison and high sugar concentrations 

post véraison. Hence, tannin analyses were performed on individual tissue with all 

precautions taken to limit oxidations, although they could not be completely prevented 

(conversion yield <90%).  
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In addition, all analyses in this project were conducted to compare vines that were similar 

(treated vs untreated) with minor differences in berry composition as opposed to studies 

investigating the effect of varieties, locations or seasons. Results obtained by 

phloroglucinolysis were compared with total tannins measured by spectrophotometry 

(Sarneckis et al., 2006) and conversion yields for grape skin and seeds were above 50%, 

except when berries were completely desiccated (Chapter 3 – part 1). Besides, a very 

good correlation between tannin concentrations measured by both methods allowed most 

treatment comparison within the same experiment using phloroglucinolysis data (Figure 

6). While differences were found across experiments, only a small matrix effect was 

observed within the same batch of samples despite non purification of skin extracts. This 

supports the need for sample purification when samples with different matrices are 

analysed, for example, vineyard or vintage comparison. However, when treatments are 

applied in the same vineyard and if berry composition is not hugely affected, sample 

purification, which is time consuming and costly, may not be essential for the purpose of 

the study.” 

 

Figure 6. Relationship between total tannin concentration measured by 

phloroglucinolysis and methyl cellulose precipitable assay (MCP) with 36 skin samples 

(among 104 samples) from Chapter 3-part 1 randomly analysed by both methods as well 

as all acetone-extracted harvest skin samples from Chapter 4-part 2. 
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However, in Chapter 4 – part 2, tannin conversion significantly varied with the extraction 

solvent, leading to more complex result interpretation. For instance, in skin, only 22% of 

tannins were converted by phloroglucinolysis when extracted with aqueous ethanol as 

opposed to 74% with acetone. This effect was compounded by differences in extraction 

ratios between the two solvents (total versus extractable tannins). As a result, 

compositional phloroglucinolysis data could not be directly compared as differences 

could be driven by the analytical methodology rather than by treatments. ANOVA-PCA 

was thus used to extract common differences regardless of the extraction solvent although 

conclusions are somewhat limited as extraction may again vary in a more complex matrix 

such as wine. 

Finally, it is important to highlight the need to express tannins in several units (mg/g 

tissue DW or FW, mg/g berry and mg/berry) to be able to compare treatments within a 

same sampling date. However, during berry development and ripening, several 

inconsistent patterns for tannins have been reported and to date, there is no consensus on 

whether the phase called tannin maturation really occurs as the genes responsible for 

tannin polymerisation are not known and all current analytical methods have limitations. 

Hence, expressing tannin results on a content basis to avoid exacerbating the impression 

that tannins decrease during ripening is needed until further theories are provided. 

5.1.3. Effect of high temperatures on skin and seed tannins 

In the present project, extreme high day temperatures, reported as a transition range where 

some berries were affected and others not (42-44 °C prior to/at véraison, and 50-53 °C 

post véraison) were found to be critical for berry physiology, leading to damage and 

substantial compositional changes. However, high day temperature (~40 °C prior to/at 

véraison and ~45 °C post véraison) had minimal effect on berry physiology and 

composition. The biochemical response of Shiraz grapevine bunches heated for three days 

and/or nights was similar to previous experiments conducted on Shiraz whole vines 

and/or bunches. In more detail (Table 1), when tannin composition was affected, the most 

consistent effect was an increase in seed mDP, then an increase in epicatechin 

concentration. By maturity, differences in seed tannin concentration and composition 

were no longer evident. Skin tannin responses to temperature were inconsistent for 

galloylation, but changes were driven by an effect of high temperature on epicatechin 

gallate concentrations.  
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Table 1. Response of grape berry flavonoids to high temperatures applied at different treatment scales and with different parameters (stage, duration, 

timing and intensity). Contents represent the amount of flavonoids expressed per berry while concentrations described here are for flavonoids 

expressed in mg per g tissue on a dry weight basis. D=Day, N=Night, D&N=Day & Night, A=Anthocyanins, FO=flavonols, FA=flavan-3-ols and 

T=Tannins, Xup= extension subunit, Xterm= terminal subunit, C=Catechin; EC=Epicatechin; ECG=Epicatechin gallate; GC=Gallocatechin and 

EGC=Epigallocatechin, %gall=percentage of galloylation, BD=berry development, BR=berry ripening & yo= years old. 

Cultivars 
Heating 

systems 

Phenological 

stages 
Durations Timings 

Heat–treatment 

temperatures 
Compounds Responses 

Thesis 

chapters Tmean 

(⁰C) 

dT, Tmax 

(⁰C) 

Whole-vine heating 

Shiraz 

(7 yo) 

Glasshouse 

+ 

individual 

open-top 

chambers 

Stage I  

(E-L 31) 
3 days 

D&N 

37.2 +5.6, 45.5 

Skin A & T 

Seed T 

No effect on skin A, seed & skin T contents. 

Total seed T, ECterm & ECup concentrations 

higher right after treatment but no long-term 

effect. 

Total skin T, Cterm, EGCterm & ECup 

concentrations sometimes higher during BD & 

BR. 
Chapter 2 

Stage I  

(E-L 32) 
3 days 36.0 +4.5, 40.9 

No effect on skin A, skin & seed T contents 

and concentrations. 

Stage I  

(E-L 31+32) 

6 non-

consecutive 

days 

36.6 +5.5, 45.5 

No interactions found, most different 

treatment from control (additive effect). Small 

delay in the onset of skin A 

Shiraz, 

clone PT23b 

(4 yo) 

Glasshouse 

(different 

bays) 

Stage III  

(E-L 37) 
2 days D 44.8 +12.3, 52.1 

Skin FO, A, 

FA & T 

Seed T 

Lower content & concentration of all 

flavonoids for damaged berries. 

Chapter 3 

– part 2 

Bunch heating 
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Shiraz, clone 

EVOVS12a 

(6 yo) 

Glasshouse 

+ fan 

heaters 

Stage I  

(E-L 31) 
3 days 

D 36.2 +7.8, 44.6 

Skin & seed 

T 

Pulp & skin 

FA 

Skin FO 

No effect on total skin T content & 

concentration but higher ECG & EGC 

concentrations. 

Lower seed T content but no effect on total 

concentration while major changes in profile. 

No effect on pulp FA & skin FO; higher 

abundance of trihydroxylated FA in skin. 

Chapter 4 

– part 1 N 28.5 +5.6, 32.7 

No effect on total skin T content, 

concentration & profile. No effect on seed T 

content & total concentration but changes in 

profile 

Small effect on skin FO. 

D&N 32.7 +8.1, 44.8 

No interactions found for skin T, most 

different treatment from control (additive 

effect) with higher ECG concentrations & 

%gall. Small interaction found for seed T 

concentration prior to véraison & major 

changes in profile. 

Shiraz 

(7 yo) 

Stage III  

(E-L 36) 
From 3 to 39 h D 

39.3 +8.9, 45.9 

Skin FO, A, 

FA & T 

Seed T 

No effect on any flavonoid contents & 

concentrations. 

Chapter 3 

– part 1 
47.2 +17.2, 53.7 

Significant reduction of all FO, A, FA & T 

concentrations & contents, regardless of 

duration. No effect on seed T content & 

concentration. Major changes in skin T profile 

with increased %gall. 
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Shiraz, 

clone PT23b 

(4 yo) 

Stage I  

(E-L 31) 
3 days D 36.3 +9.0, 39.7 

Skin T 

Seed FA & 

T 

No effect on skin & seed T total concentration 

but higher seed ECup concentration. No effect 

on skin but small effect on seed T content 

right after heat treatment. Increase in seed 

tannin size. 

Chapter 4 

– part 2 Stage II  

(E-L 34) 
3 days D 41.3 +9.5, 44.6 

No effect on seed T content but small short-

term effect on concentration. Effect on skin 

content, concentration & major changes in 

profile. 

Stage I+II  

(E-L 31+34) 

6 non-

consecutive 

days 

D 38.8 +9.3, 44.6 

Some interactions, skin T most different from 

control (additive effect) in concentration & 

content. No effect on seed T. 

aOwn rooted 

bGrafted on Paulsen 1103 
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In summary, short heat stress events of only three days were sufficient to severely reduce 

berry weight and trigger responses previously reported for grape berries under high 

temperature. Temperatures above 40 °C were necessary to substantially impact on and 

during berry development while temperatures above 50 °C were critical on berry 

composition after véraison. Metabolite changes were most pronounced two weeks after 

treatment application. Skin tannin accumulation during berry development did not seem 

to be sensitive to extreme high day and/or night temperatures as only small effects were 

observed (Chapter 4). At maturity, skin tannins were only significantly affected if berries 

were damaged (Chapter 3). Total seed tannins and composition were the most affected 

by high day temperature prior to fruit-set, and were either minimally affected or 

unchanged from véraison onwards. Early seed development was only disrupted during 

the 3-day heating period, leading to smaller berries and seeds with less tannin content, 

but kept developing normally after the heat treatment. Observed changes in tannins were 

minor, as opposed to compounds known to participate in heat stress signalling (galactinol) 

or for which accumulation or degradation is known to be temperature-sensitive (malic 

acid). In conclusion, it appears that tannins and flavan-3-ols may not have a direct role in 

berry thermotolerance and are not directly influenced by high temperature but they remain 

indirectly affected by extreme high temperature. 

5.2. Conclusions 

The objective of this project was to investigate the effect of temperatures higher than 

previously studied on tannin accumulation in Shiraz, the most planted red variety in 

Australian warm and hot grape growing regions. Several experiments were conducted 

following the heatwave definition used in New South Wales, where the Riverina region 

is located, and numerous temperature-related parameters were tested. The outcomes of 

the research that are relevant to the aims set for this project (Chapter 1) are outlined as 

follows:  

Aim 1. Tannin accumulation was only slightly sensitive to temperature and effects were 

mainly induced indirectly by temporarily slowing down berry development. Two 

important parameters were highlighted by the experiments. Firstly, the phenological stage 

of the heat treatments was the most critical parameter, with the flowering-fruit set period 

more sensitive than véraison. Secondly, the sensitivity of each stage was also dependent 

on temperature intensity. Berry metabolism responses were, as expected, more 

pronounced under extreme temperatures, although the actual temperature threshold varied 

with the phenological stage. In the context of this study, it appeared that, in the 
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temperature range tested, treatment level, duration, frequency/berry acclimation, and 

night temperature did not particularly impact on berry response for the measured 

metabolites. 

Aim 2. When tannin composition was significantly altered, the two most commonly 

affected processes were tannin polymerisation in seeds (increased) and skin percentage 

of galloylation (variable effects). The production of free flavan-3-ols was also 

significantly affected, especially in seeds at the onset of véraison, where the spike in 

flavan-3-ol concentration generally observed at this stage, did not occur. 

Aim 3. Tannins seemed to be affected by high temperature in an indirect manner. There 

was no consistent effect on precursors (primary metabolites) in the whole-vine 

experiment, which also aimed o decrease photosynthesis, although the same effects were 

observed regardless of the treatment level (bunch vs whole-vine). Common changes 

observed in this project and reported in the literature for flavonoids (such as a modulation 

in di-/tri-hydroxylated ratios) suggest that temperature impacts on genes of the 

phenylpropanoid pathway. These genes (flavonoid 3'-hydroxylase (F3’H) and F3’5’H for 

example) are ubiquitous to the flavonoid pathway and are upstream in the flavan-3-ol and 

tannin biosynthesis, hence the latter could be indirectly affected by temperature via 

changes in gene expression. In berries that were damaged at more extreme temperature, 

tannins were significantly degraded (most likely chemically rather than enzymatically) 

with some forms, such as galloylated structures, remaining in higher proportions. 

Aim 4. Most differences observed in berry tannin composition after a short and intense 

heat stress during berry development were no longer evident by harvest. When small 

differences were observed at maturity, they were not reflected in the subsequent wine as 

they were compensated by extraction. 

In conclusion, under the experimental conditions of this project, tannin accumulation for 

well-irrigated Shiraz grapevines was only affected for a short period of time following 

extreme and short heat stress. In most cases, tannin content was lower in heated berries, 

but most differences were no longer evident by harvest unless berries were visually 

damaged. Shiraz berries exhibited an elastic response to heat stress and differences in 

berry tannin content and composition were most likely indirectly driven (smaller berries, 

seed development disruption, and possible deregulation of genes shared with other 

polyphenols such as F3’H and F3’5’H). 
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5.3. Outlook for the industry  

Overall, the project will assist with immediate and long-term planning for grape growers 

and winemakers to deal with extreme heat events that are increasing in frequency and 

intensity. In the short term, understanding berry physiological responses to high 

temperature can help producers in predicting when berry survival is at risk. Growers 

already have several methods to mitigate heatwave effects such as hydrocooling, berry 

sunscreen and shade cloth. However, the present research provides further insight into 

heat-stress sensitivity during the berry development and maturation periods. All 

experiments were conducted under controlled conditions on potted vines and must be 

transposed to complex vineyard situations. Results thus need to be confirmed under field 

conditions where temperature interacts with other abiotic factors such as water status and 

light exposure.  

Viticulture implications and recommendations 

Berry survival should be the first concern when heatwaves are forecasted. It was found 

that for well-irrigated Shiraz vines, green berries were damaged at lower temperature (40-

45 °C) than red berries (50-53 °C). Beyond maintaining vine water status and having 

sufficient canopy to shade the fruit, there is only a limited number of short-term mitigation 

methods that can be applied in the vineyard. Measures such as artificial shading may not 

be economically viable on a large scale, and widespread use of hydro-cooling is unlikely 

to be seen as a sustainable use of water. If temperature maxima keep increasing, grape 

growing regions may no longer be suitable for grape production or at least, for varieties 

currently grown within existing regions. This is especially a concern if the grape value is 

not high enough to make it financially viable (no added-value, resources too expensive). 

This project has shown that there are maximum temperatures that grapes cannot withstand 

and this depended on the phenological stages. Hence, these findings also question the 

relevance of practices delaying ripening into cooler months, also moving berry 

development into summer months. Under these conditions, berries may be at greater risk 

leading to complete desiccation early or even to poor fruit-set, compared to late heatwaves 

inducing shrivelling and accelerating sugar concentration yet leaving fruit to harvest. 

Finally, through this research, growers are gaining knowledge on when berries are at risk, 

helping to fine-tune the application timing of mitigation methods for more optimal and 

cost-effective protection. 
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Winemaking implications and recommendations 

From a winemaking point of view, understanding and predicting the effect of temperature 

on berry flavonoid composition and extractability at harvest may allow adaptation of 

winemaking protocols. Firstly, if berries are not too damaged but flavonoids were to be 

affected at harvest, several corrective measures exist to increase extractability such as the 

use of enzymes, higher fermentation temperature and cold soaking (Jordão & Cosme, 

2017; Rousserie et al., 2019). Secondly, if berries were damaged close to harvest, e.g. 

necrosed with incomplete desiccation, heat-stressed berries may still be used for 

winemaking in small proportions. These may be suitable for blending or for making a 

lighter red wine, where a mix of damaged and undamaged berries could compensate for 

the lack of flavonoids. Finally, if despite all attempts in the vineyards, grapes were to be 

significantly damaged and desiccated, winemaking could be fully compromised. With 

this sort of damage, growers may not harvest at all unless another economically viable 

use of desiccated grapes or seeds was available. For example, grapes could still be 

harvested and ground to be used as by-products as seeds were mostly preserved in this 

project, and so tannins and lipids could still be extracted. Indeed, grape seed powder can 

be used as fining agents to replace bentonite (Romanini et al., 2019) and powder or oil as 

a health product in food supplements or cosmetics (Nunes et al., 2017; Shrikhande, 2000).  

5.4. Further opportunities 

This project provides a comprehensive study of the effect of high temperatures on detailed 

grape tannin composition in berry skin and seeds, on which recent research has not found 

any or consistent effects. The research opens up new prospects regarding the study of 

abiotic parameters combining the use of complex experimental designs (biometrics and 

chemometrics) and analytical methods (targeted and untargeted metabolomics). 

However, several questions still remain to be answered: 

Firstly, some of the changes in tannin accumulation could be explained by a disruption of 

berry development, with less skin surface and smaller/greener seeds. However, changes 

in composition could either be due to a potential deregulation of some genes involved in 

tannin biosynthesis or enzymatic and/or chemical degradation. To confirm the first 

hypothesis, further molecular biology work is required as most genes regulating tannin 

galloylation and polymerisation are still unknown. In addition, attention should be given 

to the flowering stages where tannin synthesis starts. While short intense heat stresses are 

detrimental for fruit set, longer but milder heat treatments could be applied and tannin 
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analysis undertaken on flowers or small whole berries. For the second hypothesis, 

identifying compounds produced upon flavonoid degradation could help prevent “heat-

stress taint” in wine, but this may be complicated due to their small concentrations. While 

the berry bleaching mechanism has been partially identified with degradation of 

chlorophyll, experiments with hourly sampling to identify other potential compounds 

turning orange/brown could assist in understanding the primary response of berries upon 

heat stress.  

Secondly, further research is required around the notion of cumulative effect and 

acclimation. In this study, the effect of more than one heatwave within the same growing 

season was assessed. To our knowledge, this was the first time that the concept was 

studied in grapevines. Further field experiments should be undertaken to test anecdotal 

observations that vines used to heat are adapting for a sudden increase in temperature 

and/or higher extremes within and between seasons. The hypothesis is that cooler climate 

regions may not offer the same adaptive potential to grapevines as opposed to those 

already planted and grown in hot climate. In addition, assessing the epigenetic of seeds 

from heat-stressed berries could open up new adaptive strategies as seeds could 

“memorise” the heat exposure from one season to the next. 

Thirdly, heat-stress tolerance is known to vary with grape variety and this study could be 

expanded to others known to be more heat-resistant (e.g. Touriga Nacional, Nero 

d’Avola). Widely-grown varieties (e.g. Cabernet Sauvignon), could also be tested to 

establish their upper temperature limit or threshold at key times (also duration) for 

production viability. Several projects are already investigating the genetic and phenotypic 

response of grapevines to identify key genes or compounds providing heat tolerance. 

Such investigations would advance knowledge for breeding heat-resistant vines or 

planting alternative varieties that would still produce well under warmer and hotter 

conditions. 

Lastly, further work is also required to offer solutions, mentioned above, that are 

economically viable for, and applicable by, the industry. A feasibility and financial study 

on waste/by-product coming from completely desiccated berries and especially seeds 

should be undertaken. Finally, the potential for corrective winemaking of heat-stressed 

fruit must be assessed at a larger scale (100 L tank for example) with fruit coming from 

a commercial vineyard before being tested at a winery scale. Several must treatments (e.g. 
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enzyme additions and maceration temperatures) could also be compared and the final 

wine assessed by sensory panellists. 

To conclude, if immediate and effective actions are not taken, an increase in maximum 

temperature will not only be detrimental to viticulture and winemaking but also more 

dramatically for most agriculture and human activities as well as health. Ultimately, 

actions need to be taken to reduce emissions and/or to advance research investigating the 

removal of atmospheric CO2 at large scale. Finally, further use of technology and 

development for energy production without fossil fuels is urgently required in Australia 

and worldwide to reduce greenhouse gas emissions and stabilise global temperatures. 
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Appendices 

Appendix 1 

 

Figure S1: Skin anthocyanin and tannin concentrations, expressed as mg/g skin dry 

weight (DW), at harvest for every berry samples treated during the experiment published 

in Chapter 3 - part 1, related to the maximum temperature reached by each bunch. 

 

 

 

 

 

 


