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Do varietal thiols matter in red wine?

The varietal thiols 3-mercaptohexanol (3-MH), 3-mercaptohexyl acetate (3-MHA) and 
4‐mercapto‐4‐methylpentan‐2‐one (4-MMP) are well known impact aroma compounds 
in Sauvignon Blanc and other white wines, giving ‘tropical’, ‘box hedge’, ‘grapefruit’ and 
‘passionfruit’ aromas. These compounds have been well studied in white wines but their 
role in red wine aroma and flavour is not so clear. 

Varietal thiols in wine are produced during fermentation. Initially, thiol-amino acid conjugates 
(odourless precursors of 3-MH and 4-MMP) form in the grapes, especially after crushing, 
following any skin contact or with Botrytis infection. Increasing the levels of nitrogen and 
sulfur in the vineyard can also lead to more 3-MH precursors forming in the grapes. During 
fermentation, yeast enzymes release 3-MH and 4-MMP from their conjugates, while 3-MHA 
is produced directly from 3-MH by yeast metabolism. Some yeast strains have been shown 
to be better at releasing 3-MH and 4-MMP than others, with some strains producing more 
3-MHA. Many of the studies investigating precursor formation and the subsequent release 
of varietal thiols have been conducted with Sauvignon Blanc and have been summarised 
recently (Bandić et al. 2018, Jeffery 2016). There is good evidence that the thiols also can 
contribute strongly to rosé flavour. 

In red wines, 3-MH and 3-MHA were first identified in Bordeaux blends in 1998 (Bouchilloux 
et al. 1998) and 4-MMP was first reported in Spanish red wine blends in 2004 (Culleré et al. 
2004). However, only a limited number of studies over the past 20 years have measured varietal 
thiols in red wines, and it is not known whether they are important flavour compounds in 
red wines.

Table 1 gives some insight into the presence of varietal thiols in a few red wine varieties and 
red wine blends, summarising previously published data. From the measurements made, 
many red wines have concentrations of these thiols above the reported sensory aroma 
detection thresholds. However, the concentration needed to give a sensory effect is not clear. 
In addition, these compounds are notoriously difficult to quantify in wine because they are 
not very stable and are at trace levels in a complex matrix. Several very different analytical 
methods have been used to measure them in wine by different research groups. This situation 
makes it difficult to accurately compare the results between studies and varieties. 

Survey in Australian wines
To better assess the contribution of these thiols to Australian red wines, they were measured 
in 105 commercially produced Australian wines of ten different varieties: Shiraz, Cabernet 
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Table 1. Varietal thiols measured in commercial or bottled experimental red wines.

Varieties Number 
of wines

min – max (ng/L) Analytical 
method Reference

3-MH 3-MHA 4-MMP 

Cabernet Sauvignon, 
Merlot and blends 
(France)

12 10–
5,000 1–200 nq Vacuum distilled 

-pHMB GC-MS
Bouchilloux et al. 
(1998)

Cabernet Sauvignon, 
Cabernet Franc, 
Merlot blends 
(France)

10 68–
1,362 0–8.6 nq LLE-pHMB SPE 

GC-MS Murat et al. (2001)

Blends (Spain) 6 163–328 26–95 4–11 SPE pHMB-LLE 
GC-MS

Culleré et al. 
(2004)

Negrette (France) 5*   909–
1,617 8–22 2–4 SIDA Deriv SPE 

SPME GC-NCI-MS

Rodríguez-
Bencomo et al. 
(2009)

Carménère (Chile) 6 667 
(mean)

373 
(mean) nq pHMB-SPE LLE 

GC-MS
Domínguez and 
Agosin (2010)

Blends (France) 10
675–
3,423 

[11,487]

5–26 
[153] 5–54 SIDA Deriv SPE 

SPME GC-NCI-MS Rigou et al. (2014)

Cabernet Sauvignon, 
Cabernet Franc, 
Merlot blends 
(France)

24 100–634 nq 3–20
pHMB-SPE LLE 
GC-MS Picard et al. (2015)

22 50–525 nq nq

Pinot Noir  
(Australia) 34 250–

1,250 0–16 0–16 SIDA Deriv SPE 
LC-MS/MS

Capone et al. 
(2015)

Cabernet Sauvignon 
(USA) 20 300–

1,161 39–91 < LOD SIDA Deriv LLE 
SPME GC-MS

Musumeci et al. 
(2015)

Carménère (Chile) 2* 422–760 8–22 nq SIDA LLE pHMB-
SPE SAFE GC-MS Pavez et al. (2016)

Gamay (France) 1 190 16 nq SIDA Deriv SPE 
nano-LC-MS/MS

Roland et al. 
(2016)

Shiraz (South Africa) 16 76–363 5–8 0–3

Deriv SPE UPC2-
MS/MS

Mafata et al. 
(2018)

Cabernet Sauvignon 
(South Africa) 16 77–147 23–24 3–3

Pinotage  
(South Africa) 16 127–311 7–12 0–2

Sensory detection 
threshold  
(in model wine)

60 4 0.8 Tominaga et al. 
(2000)

* Bottled experimental wines; nq, not quantified; < LOD, below limit of detection; [ ], outlier; 
pHMB, p-hydroxymercuribenzoic acid; LLE, liquid-liquid extraction; SPE, solid-phase extraction; 
Deriv, derivatisation; SIDA, stable isotope dilution assay; UPC2, ultra-performance convergence 
chromatography
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Sauvignon, Grenache, Merlot, Pinot Noir, Malbec, Durif, Tempranillo, Mataro and Petit 
Verdot, using a validated and accurate analytical method (Capone et al. 2015). The wines were 
selected based on percentage of Australian production and retail sales data across multiple 
price points and regions, and included a minimum of three wines per variety. They ranged 
in retail value from AUD $4 to $76 and were purchased from several wine retail outlets or 
directly from wineries. The wines were mostly one to four years old, with six wines five to six 
years old and one older wine (11 years). Alcohol content ranged from 12.5 to 16.0% (v/v). 

In this survey, surprisingly, all wines had a higher concentration of 3-MH than the sensory 
detection threshold measured in model wine (Figure 1), indicating the possible contribution 
of this compound to red wine flavour. Neither 3-MHA nor 4-MMP were detected in any 
of the wines. Pinot Noir wines were found to have a wide concentration range and the 
highest concentrations of 3-MH. Grenache wines were the next highest, although only three 
Grenache wines were measured. As Cabernet Sauvignon is the offspring of Sauvignon Blanc 
and Cabernet Franc, it was thought that the Cabernet Sauvignon wines might contain high 
levels of the varietal thiols. A few Cabernet Sauvignon wines had higher levels of 3-MH, but 
otherwise the levels were similar to Shiraz. One Mataro wine had a much higher concentration 
of 3-MH than the other two, while one Shiraz was exceptionally high at 1,500 ng/L of 3-MH 
(not shown on Figure 1). No significant links were found between 3-MH concentration in the 
wines and regional variables, for example mean January temperature, or other parameters, 
such as price or ethanol content. However, most of the Pinot Noir wines were from cooler 
climate regions. 

Figure 1. Concentrations (ng/L) of the thiol compound 3-MH for a set of 105 commercially available 
single variety red wines. Box plots show median (horizontal line in box), upper and lower quartile, 
minimum and maximum value (vertical bars) and outliers (small circles); the values in parentheses 
indicate the number of wines analysed. The sensory detection threshold of 3-MH in aqueous ethanol 
(60 ng/L) is shown as the dashed line.
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From the results of this survey, it is clear that 3-MH is found in red wines, but at much 
lower levels than that often found in Sauvignon Blanc wines (1,530–7,080 ng/L) (Jeffery 
2016). White wines with high 3-MH levels are often described as having a ‘passionfruit’ or 
‘grapefruit’ aroma, but does this compound do anything for red wine aroma?

Do varietal thiols contribute to the ‘red fruit’ character of red wines?
Higher intensity ‘red fruit’ characters are often desirable in red wines, especially in some 
styles of Pinot Noir and Grenache. Last year, Grenache wines from an AWRI yeast strain 
study were assessed by a descriptive sensory analysis panel (Cordente et al. 2018). One of the 
yeast strains gave Grenache wines that were rated significantly higher in ‘red fruit’ aroma, 
and these wines also had higher concentrations of 3-MH and 3-MHA (700 and 20 ng/L, 
respectively) than wines made with the other strains (mean 3-MH = 380 ng/L). 

To investigate the possible contribution of 3-MH and 3-MHA to ‘red fruit’ aroma, base red 
wines were spiked with increasing amounts of 3-MH with or without 3-MHA added. Four 
varieties were chosen for this preliminary study: Pinot Noir because of higher concentrations 
of 3-MH found in the survey; Grenache due to the interesting increase in ‘red fruit’ aroma 
seen in the yeast study; Cabernet Sauvignon as it is genetically related to Sauvignon Blanc; 
and Shiraz since it is Australia’s major red wine variety. The base wines contained very low 
concentrations of naturally present 3-MH and 3-MHA. The wines were spiked at levels 
from 500 up to 1,500 ng/L of 3-MH and 3-MHA at 0 or 20 ng/L (Figure 2). The compound 
3-MHA was not spiked into the Shiraz because it was not present in any of the Shiraz wines 
in the survey, even in the Shiraz wine with the very high concentration of 3-MH (1,500 
ng/L). The aroma of the base wines and spiked wines was assessed by an experienced sensory 
panel (n = 9). 

Figure 2. Spiking protocol of the thiol compounds 3-MH and 3-MHA into four base red wines. For 
3-MH, each + represents an addition of 500 ng/L. For 3-MHA, & represents an addition of 20 ng/L.
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Aroma differences across the spiking levels were seen by most panellists. Little difference was 
evident compared to the base wines when only 3-MH was added at the lowest level. More 
intense aromas of ‘red fruit’ and ‘lolly’ were noted when both 3-MH and 3-MHA were added 
to the Pinot Noir and Grenache, which then changed to ‘tropical’ for the highest spiked level. 
For Cabernet Sauvignon, ‘blackcurrant’ and ‘tropical’ characters were indicated. ‘Sweaty’ and 
‘tropical’ descriptors were given for the Shiraz wines with the higher spiked levels of 3-MH 
(1,000 and 1,500 ng/L). 

To confirm these preliminary findings of enhanced ‘red fruit’ aroma with moderately high 
concentrations of 3-MH and 3-MHA, a full descriptive sensory study with spiked Pinot 
Noir and Grenache wines is planned in the coming year. If the results are confirmed, then 
further work could investigate the thiol precursors in Pinot Noir and Grenache grapes and 
must as well as yeast strain comparisons, using the lessons already learnt from research with 
Sauvignon Blanc. 

Furthermore, in a more recent AWRI study, foliar applications of nitrogen (N, urea) and 
sulfur (S, wettable-sulfur) to Shiraz vines significantly enhanced ‘tropical’ flavours and aromas 
in the resulting Shiraz wines. Even with the lower application rate (10 kg/na N and 5 kg/
ha S), the concentration of 3-MH increased five-fold, to 1,500 ng/L, and 3-MHA increased 
two-fold, to 16 ng/L (Solomon et al. 2019). This result in Shiraz shows the potential of using 
foliar applications of nitrogen and sulfur on other red grape varieties, for example Pinot 
Noir and Grenache, as another option for grapegrowers and winemakers to tailor wine style. 

Summary
A survey found that the varietal thiol compound 3-MH is present in Australia’s most 
commercially important red wine varieties at concentrations well above its aroma detection 
threshold. The thiol was found in all the red wines tested, with the highest median 
concentration and widest range found in Pinot Noir wines. A spiking sensory study showed 
that a moderately high concentration of 3-MH (700 ng/L) and 3-MHA (20 ng/L) increased the 
‘red fruit’ character in Pinot Noir and Grenache wines, without giving less desirable ‘tropical 
fruit’ or ‘sweaty’ aromas. Further sensory work is planned to confirm these interesting results.

Acknowledgements
This work was supported by Australia’s grapegrowers and winemakers through their 
investment body, Wine Australia, with matching funds from the Australian Government. 
The AWRI is a member of the Wine Innovation Cluster in Adelaide, South Australia. The 
authors thank members of the AWRI’s sensory panel for their efforts.



December 2019	 Technical Review No. 243	 15

References
Bandić, L.M., Viskić, M., Korenika, A.M.J., Jeromel, A. 2018. Varietal thiols in grape and wine. Perez, J.D. (ed.)  Closer 

Look at Grapes, Wines and Winemaking. Hauppauge, New York, USA: Nova Science Publishers, Inc.: 43–74.

Bouchilloux, P., Darriet, P., Henry, R., Lavigne-Cruège, V., Dubourdieu, D. 1998. Identification of volatile and powerful 
odorous thiols in Bordeaux red wine varieties. J. Agric. Food Chem. 46(8): 3095–3099.

Capone, D.L., Ristic, R., Pardon, K.H., Jeffery, D.W. 2015. Simple quantitative determination of potent thiols at ultratrace 
levels in wine by derivatization and high-performance liquid chromatography–tandem mass spectrometry 
(HPLC-MS/MS) analysis. Anal. Chem. 87(2): 1226–1231.

Cordente, T., Schmidt, S., Espinase Nandorfy, D., Francis, I.L., Bilogrevic, E., Solomon, M., Pisaniello, L., Siebert, T. 
2018. Yeast strain selection – an easy and effective way to drive wine style in Grenache. AWRI Tech. Rev. 236: 5–10.

Culleré, L., Escudero, A., Cacho, J., Ferreira, V. 2004. Gas chromatography−olfactometry and chemical quantitative 
study of the aroma of six premium quality Spanish aged red wines. J. Agric. Food Chem. 52(6): 1653–1660.

Domínguez, A.M., Agosin, E. 2010. Gas chromatography coupled with mass spectrometry detection for the volatile 
profiling of Vitis vinifera cv. Carménère wines. J. Chil. Chem. Soc. 55: 385–391.

Jeffery, D.W. 2016. Spotlight on varietal thiols and precursors in grapes and wines. Aust. J. Chem. 69(12): 1323–1330.

Mafata, M., Stander, M., Thomachot, B., Buica, A. 2018. Measuring thiols in single cultivar South African red wines 
using 4,4-dithiodipyridine (DTDP) derivatization and ultraperformance convergence chromatography–tandem 
mass spectrometry. Foods 7(9): 138.

Murat, M.-L., Tominaga, T., Dubourdieu, D. 2001. Impact of some components on Bordeaux roses and clairets aroma. 
OENO One 35(2): 99–105.

Musumeci, L.E., Ryona, I., Pan, B.S., Loscos, N., Feng, H., Cleary, M.T., Sacks, G.L. 2015. Quantification of polyfunctional 
thiols in wine by HS-SPME-GC-MS following extractive alkylation. Molecules 20(7): 12280–12299.

Pavez, C., Agosin, E., Steinhaus, M. 2016. Odorant screening and quantitation of thiols in Carmenere red wine by 
gas chromatography–olfactometry and stable isotope dilution assays. J. Agric. Food Chem. 64(17): 3417–3421.

Picard, M., Thibon, C., Redon, P., Darriet, P., De Revel, G., Marchand, S. 2015. Involvement of dimethyl sulfide and 
several polyfunctional thiols in the aromatic expression of the aging bouquet of red Bordeaux wines. J. Agric. 
Food Chem. 63(40): 8879–8889.

Rigou, P., Triay, A., Razungles, A. 2014. Influence of volatile thiols in the development of blackcurrant aroma in red 
wine. Food Chem. 142: 242–248.

Rodríguez-Bencomo, J.J., Schneider, R., Lepoutre, J.P., Rigou, P. 2009. Improved method to quantitatively determine 
powerful odorant volatile thiols in wine by headspace solid-phase microextraction after derivatization. J. Chrom. 
A 1216(30): 5640–5646.

Roland, A., Delpech, S., Dagan, L., Ducasse, M.-A., Cavelier, F., Schneider, R. 2016. Innovative analysis of 
3-mercaptohexan-1-ol, 3-mercaptohexylacetate and their corresponding disulfides in wine by stable isotope 
dilution assay and nano-liquid chromatography tandem mass spectrometry. J. Chrom. A 1468: 154–163.

Solomon, M., Petrie, P., Capone, D., Nandorfy, D.E., Bilogrevic, E., Francis, L., Hixson, J. 2019. Tropical enhancement 
through topical application. Poster presented at the 17th Australian Wine Industry Technical Conference, Adelaide, 
Australia. Available from: https://awitc.com.au/program/poster-presentations/

Tominaga, T., Baltenweck-Guyot, R., Gachons, C.P.D., Dubourdieu, D. 2000. Contribution of volatile thiols to the 
aromas of white wines made from several Vitis vinifera grape varieties. Am. J. Enol. Vitic. 51(2): 178–181.

Tracey Siebert, Research Scientist, tracey.siebert@awri.com.au
Leigh Francis, Research Manager – Sensory and Flavour

Lisa Pisaniello, Technical Officer
Stefanie Melzer, Technical Officer

Laura Bey, Project Technician
Flynn Watson, Scientist

Damian Espinase Nandorfy, Scientist
Toni Cordente, Research Scientist


	In this issue
	Technical notes
	Removing metals from wine using PVI/PVP
	Do varietal thiols matter in red wine?

	Current literature
	AWRI publications
	AWRI events calendar
	Oenology 
	General
	Yeung, P. How to calculate the ROI on technology investments. Wine Business Monthly 26(8), 134-137; 2019.
	Szymanski, E.A. The scientific art of blending? Wine and Viticulture Journal 34(3), 17-19; 2019.

	Juice and wine handling
	Danenberg, E. Roundtable: cold soaking. Australian & New Zealand Grapegrower & Winemaker 668, 55-58; 2019.
	Miller, K.V., Oberholster, A., Block, D.E. Predicting fermentation dynamics of concrete egg fermenters. Australian Journal of Grape and Wine Research 25(3), 338-344; 2019.
	Gerbaux, V., Thomas, J. Using lower SO2 for Chardonnay and Pinot Noir production in Burgundy. Part 1: vinification. Revue Française d’Oenologie 290, 24-27; 2018.
	Gerbaux, V., Thomas, J. Using lower SO2 for Chardonnay and Pinot Noir production in Burgundy. Part 2: sensory evolution over time. Revue Française d’Oenologie 292, 29-31; 2019.
	Şener, H. Effect of temperature and duration of maceration on colour and sensory properties of red wine - a review. South African Journal of Enology and Viticulture 39(2), 227-234; 2018.
	Pic, L., Rousseau, J. Impact of copper treatment on the aroma potential of white juices. Revue Française d’Oenologie 290, 28-33; 2018.
	Coetzee, C., Buica, A., Du Toit, W.J. The use of SO2 to bind acetaldehyde in wine: sensory implications. South African Journal of Enology and Viticulture 39(2), 157-162; 2018.
	Briscoe, S. Chardonnay three ways: measuring effects of concrete tank, puncheon barrel and stainless steel drum. Wine Business Monthly 26(8), 64-67; 2019.
	Aleixandre-Tudo, J.L., du Toit, W. Understanding cold maceration in red winemaking: a batch processing and multi-block data analysis approach. LWT – Food Science and Technology 111, 147-157; 2019.
	Phillips, C. Tank lead times and other considerations. Wine Business Monthly 26(9), 36-39; 2019.
	Roussey, C., du Cros, R.T., Colin, J., Casalinho, J., Perré, P. Pressure and oxygen transfer in the barrel during élevage: both are a function of cellar conditions in the cellar. Wine Business Monthly 26(9), 26-30; 2019.
	Gambuti, A., Picariello, L., Moio, L., Waterhouse, A.L. Cabernet Sauvignon aging stability altered by microoxygenation. American Journal of Enology and Viticulture 70(3), 323-331; 2019.

	Microbiology
	Englezos, V., Rantsiou, K., Torchio, F., Pollon, M., Giacosa, S., Río Segade, S., Gerbi, V., Rolle, L., Cocolin, L. Efficacy of ozone against different strains of Brettanomyces bruxellensis on winegrapes postharvest and impact on wine composition. America
	Tesnière, C. Casalta, E., Girardi-Piva, G., Pradal, M., Vernhet, A., Sablayrolles, J-M., Salmon, J-M. Effect of lipids from grape lees on fermentation efficiency and yeast viability. Revue Française d’Oenologie 291, 24-26; 2019.
	Chidi, B.S., Bauer, F.F., Rossouw, D. Organic acid metabolism and the impact of fermentation practices on wine acidity - a review. South African Journal of Enology and Viticulture 39(2), 315-329; 2018.
	Mateo Tolosa, J.J. Influence of nitrogen content on grape non-Saccharomyces glycosidic activities. American Journal of Enology and Viticulture 70(3), 318-322; 2019.
	Blondin, B., Duc, C., Pradal, M., Noble, J., Tesnière, C. Yeast mortality during primary ferment: the key limiting role of micronutrients and nitrogen. Revue Française d’Oenologie 291, 21-23; 2019.
	Duc, C., Noble, J., Tesnière, C., Blondin, B. Occurrence of yeast cell death associated with micronutrient starvation during wine fermentation varies with nitrogen sources. OENO one 53(3), 445-456; 2019.
	Coulon, J., Seabrook, A. Yeast selection – back to basics. Australian & New Zealand Grapegrower & Winemaker 667, 55-60; 2019.
	Berbegal, C., Fragasso, M., Russo, P., Bimbo, F., Grieco, F., Spano, G., Capozzi, V. Climate changes and food quality: the potential of microbial activities as mitigating strategies in the wine sector. Fermentation 5(4):85; 2019.

	Analysis and composition
	Le Menn, N., van Leeuwen, C., Picard, M., Riquier, L., de Revel, G., Marchand, S. Effect of vine water and nitrogen status, as well as temperature, on some aroma compounds of aged red Bordeaux wines. Journal of Agricultural and Food Chemistry 67(25), 7098
	Ruocco, S., Perenzoni, D., Angeli, A., Stefanini, M., Rühl, E., Patz, C.-D., Mattivi, F., Rauhut, D., Vrhovsek, U. Metabolite profiling of wines made from disease-tolerant varieties. European Food Research and Technology 245(9), 2039-2052; 2019.
	Medina-Plaza, C., Beaver, J.W., Lerno, L., Dokoozlian, N., Ponangi, R., Blair, T., Block, D.E., Oberholster, A. Impact of temperature, ethanol and cell wall material composition on cell wall-anthocyanin interactions. Molecules 24(8):3350; 2019.
	Kanavouras, A., Karanika, E., Coutelieris, F.A., Kotseridis, Y., Kallithraka, S. Preliminary study of flavor compounds as oxidation markers in bottled white wines of Greek origin. OENO one 53(3), 519-529; 2019.
	Sáenz-Navajas, M.P., Ferrero-del-Teso, S., Romero, M., Pascual, D., Diaz, D., Ferreira, V., Fernández-Zurbano, P. Modelling wine astringency from its chemical composition using machine learning algorithms. OENO one 53(3), 499-509; 2019.
	Yammine, S., Rabagliato, R., Vitrac, X., Peuchot, M.M., Ghidossi, R. Selecting ultrafiltration membranes for fractionation of high added value compounds from grape pomace extracts. OENO one 53(3), 487-497; 2019.
	Geffroy, O., Descôtes, J., Levasseur-Garcia, C., Debord, C., Denux, J.-P., Dufourcq, T. A 2-year multisite study of viticultural and environmental factors affecting rotundone concentration in Duras red wine. OENO one 53(3), 457-470; 2019.

	Marketing and packaging
	Bekkermann, A., Brester, G.W. Don’t judge a wine by its closure: price premiums for corks in the U.S. wine market. Journal of Wine Economics 14(1), 3-25; 2019.
	Logan, S. Lifting the lid: Australian wineries have their say in our latest closure survey. Australian & New Zealand Grapegrower & Winemaker 667, 70-72; 2019.

	Environment
	Ballantyne, D., Terblanche, N.S., Lecat, B., Chapuis, C. Old world and new world wine concepts of terroir and wine: perspectives of three renowned non-French wine makers. Journal of Wine Research 30(2), 122-143; 2019.

	Sensory
	Marchal, A., Cretin, B., Winstel, D., Sindt, L., Gammacurta, M., Waffo-Téguo, P., Dubourdieu, D. Recent findings on bitterness in red wine: influence of oak-derived compounds. Revue Française d’Oenologie 292, 22-25; 2019.
	Caille, S., Chabalier, C., Samson, A. Sensory study of factors influencing bitterness in white wine. Revue Française d’Oenologie 292, 26-28; 2019.
	Galaup, C., Auriel, L., Dubs, J., Dehoux, C., Gilard, V., Poteau, R., Retailleau, E., Biasini, G., Collin, F. Blue wine, a color obtained with synthetic blue dye addition: two case studies. European Food Research and Technology 245(8), 1777-1782; 2019.


	Viticulture
	General
	Döring, J., Collins, C., Frisch, M., Kauer, R. Organic and biodynamic viticulture affect biodiversity and properties of vine and wine: a systematic quantitative review. American Journal of Enology and Viticulture 70(3), 221-242; 2019.
	Gobert, V. Bakus vs Ted: robot wars. La Vigne 321, 30-31; 2019.
	Anon. Vintage 2019: the cooler climates. Australian & New Zealand Grapegrower & Winemaker 667, 22-35; 2019.
	Anon. Producer profile: Ashley Ratcliff. Australian & New Zealand Grapegrower & Winemaker 667, 88; 2019.
	Jenkins, E. Practical know-how delivered in second edition of New Zealand organic and biodynamic conference. Australian & New Zealand Grapegrower & Winemaker 668, 40-42; 2019.
	Greenspan, M. Is organic the most sustainable farming? Wine Business Monthly 26(9), 52-55; 2019.

	Physiology and biotechnology
	Morena Luna, L.H., Reynolds, A.G., Di Profio, F.A., Zhang, L., Kotsaki, E. Crop level and harvest date impact on four Ontario wine grape cultivars. II. Wine aroma compounds and sensory analysis. South African Journal of Enology and Viticulture 39(2), 246-
	Allegro, G., Pastore, C., Valentini, G., Filippetti, I. Effects of sunlight exposure on flavonol content and wine sensory of the white winegrape Grechetto gentile. American Journal of Enology and Viticulture 70(3), 277-285; 2019.

	Climate and soils
	Nistor, E., Dobrei, A.G., Dobrei, A., Camen, D. Growing season climate variability and its influence on Sauvignon Blanc and Pinot Gris berries and wine quality: study case in Romania (2005-2015). South African Journal of Enology and Viticulture 39(2), 196
	Schmidt, D., Bahr, C., Friedel, M., Kahlen, K. Modelling approach for predicting the impact of changing temperature conditions on grapevine canopy architectures. Agronomy 9(8):426; 2019.
	van Leeuwen, C., Destrac-Irvine, A., Dubernet, M., Duchêne, E., Gowdy, M., Marguerit, E., Pieri, P., Parker, A., de Rességuier, L., Ollat, N. An update on the impact of climate change in viticulture and potential adaptations. Agronomy 9(9):514; 2019.

	Vineyard management systems
	Gordon, J. Using canopy and shade cloth to reduce sunburn. Wine Business Monthly 26(8), 82-87; 2019.
	Danenberg, E. Trellis trials and tribulations. Australian & New Zealand Grapegrower & Winemaker 667, 36-38; 2019.
	Gobert, V. Plucking success out of thin air: early leaf removal. La Vigne 321, 36; 2019.
	Schütte, R., Bergmann, H. The attitudes of French and Spanish winegrowers towards the use of cover crops in vineyards. Journal of Wine Research 30(2), 107-121; 2019.
	Cohen, Y., Gogumalla, P., Bahat, I., Netzer, Y., Ben-Gal, A., Lenski, I., Michael, Y., Helman, D. Can time series of multispectral satellite images be used to estimate stem water potential in vineyards? Precision Agriculture ‘19: Papers presented at the 1
	Wine Australia. New factsheet explores under-vine cover cropping. R&D at Work August, 1; 2019.
	de Almeida Junior, O., de Souza, C.R., Dias, F.A.N., de Paula Fernandes, F., Torregrosa, L., Fernandes-Brum, C.N., Chalfun-Junior, A., da Mota, R.V., Peregrino, I., de Albuquerque Regina, M. Effect of pruning strategy on ‘Syrah’ bud necrosis and fruitfuln
	Martínez de Toda, F. New technique for vineyard management: forced sprouting new buds. La Semana Vitivinicola 3.548, 1254-1258; 2019.
	Vukicevich, E., Lowery, T., Hart, M. Effects of living mulch on young vine growth and soil in a semi-arid vineyard. Vitis 58(3), 113-122; 2019.
	Fernández-Novales, J., Tardáguila, J., Gutiérrez, S., Paz Diago, M. On-the-go VIS + SW − NIR spectroscopy as a reliable monitoring tool for grape composition within the vineyard. Molecules 24(15):2795; 2019.
	Palacios, F., Diago, M.P., Tardaguila, J. A non-invasive method based on computer vision for grapevine cluster compactness assessment using a mobile sensing platform under field conditions. Sensors 19(17):3799; 2019.
	Sozzi, M., Kayad, A., Tomasi, D., Lovat, L., Marinello, F., Sartori, L. Assessment of grapevine yield and quality using a canopy spectral index in white grape variety. Precision Agriculture ‘19: Papers presented at the 12th European Conference on Precisio
	Oger, B., Vismara, P., Tisseyre, B. Combining target sampling with route-optimization to optimise yield estimation in viticulture. Precision Agriculture ‘19: Papers presented at the 12th European Conference on Precision Agriculture, Montpellier, France 8-
	Smith, M.S., Centinari, M. Impacts of early leaf removal and cluster thinning on Grüner Veltliner production, fruit composition, and vine health. American Journal of Enology and Viticulture 70(3), 308-317; 2019.
	Mick, H. Going against the grain with alternatives to wooden trellis posts. Wine and Viticulture Journal 34(3), 30-38; 2019.

	Pests and diseases
	Mick, H. Could rising temperatures and humidity see an increase in the incidence of sooty mould? Australian & New Zealand Grapegrower & Winemaker 668, 44-47; 2019.
	Greenspan, M. Managing vineyards with Red Blotch virus. Wine Business Monthly 26(8), 76-80; 2019.
	Monis, J. Procuring healthy grapevine planting stock. Wine Business Monthly 26(9), 58-59; 2019.
	Todorov, K. Farmers use lasers to protect vineyards from birds. Wine Business Monthly 26(9), 68-71; 2019.
	Pierro, R., Semeraro, T., Luvisi, A., Garg, H., Vergine, M., De Bellis, L., Gill, H.K. The distribution of phytoplasmas in South and East Asia: an emerging threat to grapevine cultivation. Frontiers in Plant Science 10:1108; 2019.
	Bleyer, K. New diseases in the vineyard: the Pinot Gris virus. Rebe & Wein 8, 38-39; 2019.
	Kevany, S. The battle over fungicides. Meininger’s Wine Business International 14(3), 26-28; 2019.
	Baumgartner, K., Hillis, V., Lubell, M., Norton, M., Kaplan, J. Managing grapevine trunk diseases in California’s Southern San Joaquin Valley. American Journal of Enology and Viticulture 70(3), 267-276; 2019.
	Abdelghafour, F., Rançon, F., Keresztes, B., Germain, C., Da Costa, J.-P. On-board colour imaging for the detection of downy mildew. Precision Agriculture ‘19: Papers presented at the 12th European Conference on Precision Agriculture, Montpellier, France 
	Bowman, S. Weighing up the alternatives to chemical weed control. Australian & New Zealand Grapegrower & Winemaker 668, 33-36; 2019.
	Wine Australia. Clock ticking down for grapevine leaf-roll virus diagnostic tool. R&D at Work August, 1; 2019.

	Vine improvement and varieties
	Caplan, N. Championing Aligoté. Decanter 44(12), 36-41; 2019.
	Traucki, D. From Pliny the Elder to Australia. WBM: Australia’s Wine Business Magazine July/August, 66-67; 2019.
	Brook, S. Austrian Grüner Veltliner. Decanter 44(11), 83-88; 2019.
	Anon. Researchers investigate drought-tolerant Cypriot vines. Australian & New Zealand Grapegrower & Winemaker 667, 46; 2019.
	Becker, A. The evolution of grapegrowing: ripening, varieties and management strategies. Das Deutsche Weinmagazin 15, 24-27; 2019.

	Water and nutrition
	Rubio-Bretón, P., Gutiérrez-Gamboa, G., Pérez-Álvarez, E.P., Santamaría, P., Garde-Cerdán, T. Foliar application of several nitrogen sources as fertilisers to Tempranillo grapevines: effect on wine volatile composition. South African Journal of Enology an
	González, M.R., Pérez, E., Martín, P. Measures of photosynthesis efficiency as indicators of vigour, yield and quality in vineyards affected by iron chlorosis. La Semana Vitivinicola 3.531, 1994-1998; 2018.
	Bahat, I., Netzer, Y., Ben-Gal, A., Grünzweig, J.M., Peeters, A., Cohen, Y. Comparison of water potential and yield parameters under uniform and variable rate drip irrigation in a Cabernet Sauvignon vineyard. Precision Agriculture ‘19: Papers presented at
	Bellvert, J., Mata, M., Vallverdú, X., Paris, C., Marsal, J. Use of an integrated model of water consumption as a decision support system for scheduling regulated deficit irrigation in a vineyard. Precision Agriculture ‘19: Papers presented at the 12th Eu
	Brunel, G., Pichon, L., Taylor, J., Tisseyre, B. Easy water stress detection system for vineyard irrigation management. Precision Agriculture ‘19: Papers presented at the 12th European Conference on Precision Agriculture, Montpellier, France 8-11 July 201
	Wine Australia. Keep up the water during winter. R&D at Work August, 1; 2019.
	Essling, M. Ask the AWRI: regulatory changes to the use of botrytis agrochemical. Australian & New Zealand Grapegrower & Winemaker 668, 48-49; 2019.
	Bindon, K.A., Kassara, S., Solomon, M., Bartel, C., Smith, P.A., Barker, A., Curtin, C. Commercial Saccharomyces cerevisiae yeast strains significantly impact Shiraz tannin and polysaccharide composition with implication for wine colour and astringency. B
	Coulter, A., Cowey, G., Essling, M., Hoare, T., Holdstock, M., Longbottom, M., Simos, C., Johnson, D. Vintage 2019 – observations from the AWRI helpdesk. Wine & Viticulture Journal 34(4), 27-29; 2019.
	Dry, P. Corvina. Wine and Viticulture Journal 34(4), 59; 2019.
	Stanstrup, J., Broeckling, C.D., Helmus, R., Hoffmann, N., Mathé, E., Naake, T., Nicolotti, L., Peters, K., Rainer, J., Salek, R.M., Schulze, T., Schymanski, E.L, Stravs, M.A., Thévenot, E.A., Treutler, H., Weber, R.J.M., Willighagen, E., Witting, M., Neu
	Ratnayake, S., Stockdale, V., Grafton, S., Munro, P., Robinson, A.L., Pearson, W., McRae, J.M., Bacic, A. Carrageenans as heat stabilisers of white wine. Australian Journal of Grape and Wine Research 25(4), 439-450; 2019.
	Walker, R.R., Blackmore, D.H., Clingeleffer, P.R., Holt, H., Pearson, W., Francis, I.L. Effect of rootstock on yield, grape composition and wine sensory attributes of Shiraz grown in a moderately saline environment. Australian Journal of Grape and Wine Re
	Parker, M., Onetto, C.A., Hixson, J.L., Bilogrevic, E., Schueth, L., Pisaniello, L., Borneman, A., Herderich, M.J., de Barros Lopes, M.A., Francis, I.L. Factors contributing to interindividual variation in retronasal odor perception from aroma glycosides:
	Cowey, G. Ask the AWRI: what does the latest research say about barrel sanitation against Brett? Australian & New Zealand Grapegrower & Winemaker 669, 76–77; 2019.



