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ABSTRACT 

 

Ripe rot of grapes (Vitis vinifera) is a bunch rot disease caused by species of the fungus 

Colletotrichum. The disease occurs predominantly in those grape growing regions 

which have warm and wet conditions close to harvest time. Grapes affected with ripe rot 

have a bitter taste and taint. Other unwanted flavours and aromas are also found in wine 

made from ripe rot affected grapes. Despite the widespread occurrence of this disease in 

sub-tropical and tropical viticulture, the chemical nature of the off-flavours has not been 

defined. This body of research sought to better characterise the impact of ripe rot on 

both grape and wine quality. As the fungal agents responsible for causing ripe rot of 

grapes are also pathogens of other fruit crops, the research was extended to include 

infections involving blueberries (Vaccinium corymbosum).  

 

Prior to this investigation, there was little information, if any, in the literature on the 

chemical nature of compounds responsible for off-flavours in grapes and other fruit 

crops affected with Colletotrichum. An optimised method was developed for the 

quantitation of compounds potentially responsible for off-flavours in grapes and wine. 

These compounds included 2-iopropyl-3-methoxypyrazine, 2-isobutyl-3-

methoxypyrazine, 3-octanone, fenchone, 1-octen-3-one, trans-2-octen-1-ol, Fenchol, 1-

octen-3-ol, 2-methylisoborneol, 2,4,6-trichloroanisole, geosmin, 2,4,6-tribromoanisole 

and pentachloroanisole. These compounds were selected as they had been previously 

reported in grapes affected with an unrelated fungus, Botrytis cinerea (grey mould) and 

in wine made from grapes affected with this fungus. The method developed involved a 

simple headspace-solid-phase-micro-extraction gas-chromatography mass-spectrometry 

(HSSPME–GC–MS) for the simultaneous determination of thirteen off-flavours 
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compounds in a single run. Sample temperature and fibre extraction time were 

optimised using response surface methodology, in both wine base and grape base, to 

maximise signal intensity for compounds at low concentrations. Low limits of detection 

(0.05-5 ng/L), quantitation (0.2-17% CV), good recoveries (83- 131%) and repeatability 

(4.3-11.1% CV) and reproducibility (1.9-10.9% CV) indicated that the method has 

excellent sensitivity and is suitable for the analysis of off-flavour compounds in wine 

and grape samples. This method has allowed the investigation of compounds that 

contribute to the off-flavours found in bunch rot affected grapes and wines made from 

them to be done in a fast single run.  

 

Cabernet Sauvignon wines previously vinified from both healthy and ripe rot affected 

grapes from the Hastings Valley, (NSW) were analysed for the presence of fungal 

derived volatile compounds using the optimised method. Four off-flavours compounds, 

geosmin, 1-octen-3-ol, 1-octen-3-one and 2-methylisoborneol were found to be 

significantly higher in wines (P<0.05) made from ripe rot affected grapes than wines 

made from apparently disease-free grapes. The results indicate that the metabolic 

activities of Colletotrichum spp., responsible for bunch rot diseases in the vineyard, 

contribute to unwanted volatile flavour compounds in wine. Three fining agents, 

polyvinylpolypyrrolidone, carbon and bentonite, were investigated at two 

concentrations for remediation of wines affected by ripe rot.  At higher concentrations 

of the four off-flavour compounds, these fining agents significantly (P<0.05) reduced 

geosmin, 1-octen-3-ol, 1-octen-3-one concentrations in affected wine, but had no impact 

on the concentration of 2-Methylisoborneol.  

 

In order to have a better understanding of how Colletotrichum spp. causes off-flavour in 

grapes and wine, the formation of off-flavour compounds in fruits was also investigated. 
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Two host fruits were chosen, V. vinifera (cultivars Chardonnay and Cabernet 

Sauvignon) and V. corymbosum (blueberry), and inoculated with different isolates of C. 

acutatum (DAR 77282, 76888, 32068, 76925) and of C. gloeosporioides (DAR 77292). 

Disease expression including visual disease signs, colour changes, and the formation of 

acetic acid, glycerol, gluconic acid and four off-flavours compounds (geosmin, 1-octen-

3-ol, 1-octen-3-one and 2-methylisoborneol), were measured prior to inoculation and  at 

3, 5 and 7 days post-inoculation intervals These analyses revealed that disease 

development in the host fruits inoculated with Colletotrichum spp. was strongly 

dependent on the infection period and host fruit type (blueberry or grape). In Cabernet 

Sauvignon and Chardonnay, glycerol levels, ∆E (Euclidean distances for the colour 

coordination) and infection scores developed with a rapid increase particularly 

noticeable between the third and fifth day post-inoculation. In blueberries, while ∆E and 

glycerol levels also increased between the third and fifth day post-inoculation, there was 

only a slight increase in infection scores. A noticeable increase in off-flavour 

compounds and gluconic acid occurred five days post-inoculation in both, blueberries 

and grapes. This suggested that patterns of volatile off flavour production, visual 

disease symptoms as well as glycerol levels and colour changes could be an indicator 

for the early detection of Colletotrichum infections in fruit crops.  

 

Another experiment was designed to investigate the potential effects of water activity 

and nitrogen availability on the formation of four compounds associated with off 

flavours in grapes and blueberries infected with isolates of Colletotrichum. Synthetic 

grape culture media with different levels of water activity (95, 96.5, and 98%) 

and nitrogen availability (0.005, 0.05 and 0.5 g/L) were inoculated with C. acutatum 

and C. gloeosporioides (four isolates of each species) and off-flavours were measured 

after a ten days post-inoculation. Two gram biomass samples were analysed using the 
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previously described optimised method. AComDim was used to determine the effect of 

water activity, nitrogen and their interaction on formation of off-flavour compounds by 

Colletotrichum spp.. Levels of 1-octen-3-one, 1-octen-3-ol, 2-methyisoborneol, 

geosmin and total mass increased as the level of water activity was increased from 95% 

to 98%. An increase in nitrogen content in the culture from 0.005 g/L to 0.5 g/L caused 

significant increases in geosmin and 2-methyisoborneol levels, but the slight increase in 

1-octen-3-one, 1-octen-3-ol formation and total mass was not significant. Extrapolating 

these findings to in planta will require further study in the future. 

 

The research undertaken for this thesis was the first to characterise the off-flavour 

compounds responsible for the presence of undesirable odours in ripe rot affected 

blueberries and grapes and wine made from infected grapes. The investigation 

developed an optimised method to quantify the off-flavour compounds in a fast single 

run. This methodology enabled the study of the formation of off-flavour compounds in 

fruits by Colletotrichum species at various time points post-inoculation. In addition, 

three fining agents were evaluated for their efficacy in decreasing the amount of off-

flavour compounds. This thesis also explored the effect of two of the most important 

limiting factors, water activity and nitrogen levels, on formation of off-flavours by 

Colletotrichum spp. in vitro.  
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CHAPTER I 

LITERATURE REVIEW 

1. INTRODUCTION 

Australia ranks in the top ten countries worldwide for the production of wine and fresh 

table grapes. Total Australian grape production during 2012-13 was 1.76 million tonnes, 

which were grown over an area of 146,000 ha (Australian Bureau of Statistics, 2012) 

covering a variety of climatic regions. Grapevines are susceptible to a number of bunch 

rots, including bitter rot, black rot, sour rot, Botrytis bunch rot and ripe rot (Steel et al., 

2007). One of the most destructive bunch rots is Botrytis grey mould which is caused by 

the fungus Botrytis cinerea (Williamson et al., 2007). This disease causes a decay of ripe or 

nearly ripe grapes. Immature pre-veraison berries are largely resistant to grey mould 

infection. However, the flowers of the vine are susceptible (Keller et al., 2003). Many 

scientists have studied the effect of Botrytis bunch rot on grapes and wine (Ky et al., 2012; 

Williamson et al., 2007), and many fungi other than B. cinerea that are associated with the 

rotting of grapes. Some of these fungi are peculiar to viticultural regions and particular 

growing conditions. Ripe rot caused by Colletotrichum spp. for example, occurs in 

subtropical vineyards (Meunier & Steel, 2009). Much is known about the effect of B. 

cinerea though less is known about the effect of Colletotrichum spp. on fruit. 

Colletotrichum spp.  occur in warm climate regions with high relative humidity (Prusky et 

al., 2000). Subtropical conditions along the eastern coast of Australia during the grape 

ripening period result in widespread occurrence of this disease (Whitelaw-Weckert et al., 

2007). The area affected by Colletotrichum stretches from South Burnett in Southern 

Queensland to as far south as Bega in NSW. This area encompasses the Hunter and 

Hastings Valleys as well as Mudgee wine growing regions. This disease also occurs in 
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other parts of the world including subtropical regions of USA (Daykin & Milholland, 

1984), Japan (Shiraishi et al., 2007; Yamamoto et al., 1999) and China (Yan et al., 2014). 

Affected berries lose normal fullness and then become shrivelled (Meunier & Steel, 2009), 

this is followed by the appearance of orange to pink spore masses from the berry surface.  

The fungal genus, Colletotrichum spp. causes disease in many host plants including 

avocado (Everett, 2003), tamarillo, mango (Afanador-Kafuri et al., 2003), bell pepper 

(Harp et al., 2014), almond (Adaskaveg & Hartin, 1997), olive (Talhinhas et al., 2005), 

apple (Biggs & Miller, 2001), peach (Hu et al., 2015) and in addition berry fruit such as 

grapes (Greer et al., 2011), strawberries (Freeman et al., 2001) and blueberries (Polashock 

et al., 2005). Ripe rot grapes have a bitter taint and an unpleasant flavour which survives 

through fermentation, impacting wine quality (Meunier & Steel, 2009). The importance of 

Colletotrichum spp.  is also demonstrated by a report which states it can cause 10 – 20 % 

pre-harvest yield losses and 100 % postharvest losses in some fruits such as blueberry 

(Milholland, 1995). 

The chemical nature of the taints are unknown, as is the relationship between level of fruit 

infection and subsequent wine composition. Furthermore, no descriptors for wine made 

from affected grapes have been established. Consequently, the level of ripe rot that can be 

tolerated in a vineyard, before it has an impact on fermentation and a compositional and 

sensory impact on wine, remains a matter of speculation. 

This review provides an overview of ripe rot disease in Australia and the effect of ripe rot 

on grapes and other fruit. In the case of grapes, the effect of bunch rots on wine and a 

summary of known off-flavour compounds responsible for undesirable flavours will be 

given. In addition, a variety of management and control techniques for bunch rot in the 

vineyard as well as possible remedial actions in the winery will be reviewed. 
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2. Bunch rots 

Bunch rots can be caused by several different fungi, which produce similar symptoms on 

the berries. The most critical bunch rot disease is Botrytis grey mould, which develops on 

the surface and may shrivel the berries (Williamson et al., 2007). Another consequence of 

grey mould in grapes is the development of off-flavour compounds that have fungal, 

mouldy or earthy odours. These compounds include geosmin, 2-methylisoborneol, 1-octen-

3-ol and fenchol (La Guerche et al., 2005; La Guerche et al., 2006; Morales-Valle et al., 

2011). As this disease causes millions of dollars of crop loss as well as a reduction in wine 

quality (Wicks & Hall, 2005), many investigations into the effect of Botrytis bunch rot on 

fruit processing and fruit productions - including wine - have been conducted (Hong et al., 

2011; Terry et al., 2007; Villa-Rojas et al., 2012). However, there are many other fungi 

associated with the rotting of grapes and other fruit crops. The most important of these 

bunch rots are listed in Table 1.  
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Table 1: Non-botrytis bunch rots caused by other fungi and their visual symptoms in grape 

berries. 

Bunch rot Casual Organism Visual Symptoms in 

berries 

References 

Aspergillus Aspergillus spp. Initially tan to brown, 

covered with masses of 

brown or black spores. 

(Perrone et al., 2008) 

Bitter rot 

 

Greeneria uvicola Bitter taste, dark-coloured , 

roughened, sparkly 

appearance, black fruiting 

pustules containing many 

spores, 

(Hartman & Kaiser, 

2008) 

Black rot 

 

Guignardia 

bidwellii 

Light or chocolate brown 

soft spots on the surface  

Hartman & Kaiser, 

2008) 

Penicillium Penicillium spp. Mass of blue or green 

spores, with a musty or 

mouldy odour. 

(La Guerche et al., 

2004) 

Ripe rot  Colletotrichum 

spp. 

Shrivelled, orange to pink 

spores, bitter taint and an 

unpleasant flavour 

(Meunier & Steel, 

2009) 

Rhizopus Rhizopus spp. Soft, brown and ooze juice  Hartman & Kaiser, 

2008) 

Sour rot 

 

Aspergillus, 

Cladosporium, 

Rhizopus,  

Penicillium spp. 

Wet within berries clusters 

with a vinegar smell and 

flavour 

(Sutton, 2005) 

 

 

Colletotrichum Species 

Two species of the fungus Colletotrichum are responsible for ripe rot: C. acutatum and C. 

gloeosporioides (Greer et al., 2011).  However, recent molecular analysis has shown that 

the genus Colletotrichum has undergone many taxonomic changes. For instance, it has been 

reported that C. gloeosporioides  consists of more than 20 distinct species (Nam et al., 

2013). Colletotrichum spp. on potato dextrose agar produces orange conidial masses 

scattered on the surface of cultures and white to grey mycelium that appear black when 

viewed from below (Figure 1). As the cultures age, orange spore masses that contain 

ellipsoidal conidia develop. 
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Although both species produce similar symptoms on host plants, they have 

subtle differences in their characteristics. The conidia of both species of fungus are 

unicellular, hyaline, and straight. The ends of the conidia are abruptly tapered in C. 

acutatum, but round or slightly narrow at one end in C. gloeosporioides  and are larger in  

C. gloeosporioides  (14.0 ~ 21.5 × 4.0 ~ 6.5 µm) than in C. acutatum  (10.0 ~ 20.0 × 3.5 ~ 

5.0 µm). The appressoria of  C. gloeosporioides are brown to dark brown, ovate, obovate, 

clavate, sometimes lobed, and measure 7.0 ~ 17.5 × 5.0 ~ 12.5 µm (Kim et al., 2009). In C. 

acutatum, the appressoria are pale to dark brown, ovate to clavate, slightly irregular or 

lobed, and measure 5.0 ~ 15.0 × 4.5 ~ 7.5 µm, smaller than the appressoria in C. 

gloeosporioides (Kim et al., 2009). 

Furthermore, C. acutatum can infect berries, form appressoria and penetrate grape tissue 

faster than C. gloeosporioides (Greer et al., 2011). In contrast, C. gloeosporioides has 

greater spore germination rates and growth rates on potato dextrose agar.  

 

 

Figure 1: C. acutatum on potato dextrose agar from above and below. 

Several studies on ripe rot affected fruit focused on C. gloeosporioides due to initial studies 

suggesting it was the primary agent of ripe rot (Daykin & Milholland, 1984; Hartung et al., 

1981). This was largely because other isolates of Colletotrichum were often wrongly 
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identified as C. gloeosporioides (Cannon et al., 2008; Phoulivong et al., 2010). The 

taxonomy of the genus has been revised recently (Nam et al., 2013), meaning that many 

previous studies may have reported on species of the fungus that are now regarded as being 

incorrectly named. More recent studies have shown C. acutatum to be the predominant 

pathogen in blueberries (Miles et al., 2013; Polashock et al., 2005; Verma et al., 2006; 

Wharton & Schilder, 2008), strawberries (Denoyes-Rothan et al., 2003; Freeman et al., 

2001), grape berries (Cleaves, 2011; Whitelaw-Weckert et al., 2007), avocado (Everett, 

2003), mango (Afanador-Kafuri et al., 2003), almond (McKay et al., 2014), bell pepper 

(Harp et al., 2014; Sun et al., 2015), olive (Talhinhas et al., 2014; Talhinhas et al., 2005) 

and apple (Biggs & Miller, 2001).  

Diseases of horticultural fruit caused by Colletotrichum spp. 

2.1. Anthracnose  

Colletotrichum is an aggressive plant pathogen, with a broad host range (Lima et al., 2015; 

Phoulivong, 2011). When the primary source of Colletotrichum is introduced to the field, 

the pathogen can grow in the tissue of the infected fruit and cause anthracnose (Louws et 

al., 2014). Anthracnose is diagnosed by sunken black lesions on the fruit, with little black 

dots. Black to brown lesions occurs with the orange conidial masses in the exocarp and soft 

rot in the mesocarp (Figure 3.A).  There are many reports in the literature regarding the 

spread of anthracnose caused by Colletotrichum species in subtropical fruits including 

almond (McKay et al., 2014), avocado (Hernández-Lauzardo et al., 2015), banana (Griffee 

& Burden, 1974; Idris et al., 2015), capsicum (Liao et al., 2012), mango (Lima et al., 2015), 

chilli (Thuong et al., 2015), olive (Talhinhas et al., 2014), papaya (Ong & Ali, 2015), peach 

(Hu et al., 2015), tomato (Alkan et al., 2015) and berries including blueberries (Kim et al., 

2009; Miles et al., 2013) and strawberries (Daugovish et al., 2012). 
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Figure 2 summarises the Colletotrichum cycle in blueberries. However, as different plants 

have various methods of reproduction, the Colletotrichum cycle will vary across species.   

 
Figure 2: Colletotrichum life cycle in blueberry:  

?= poorly understood, C = conidium; A = appressorium; IH = infection hyphae (Wharton & 

Diéguez-Uribeondo, 2004). 

 

2.2. Bitter rot 

In apples,  Colletotrichum spp. leads to bitter rot (Munir, 2015). Bitter rot appears initially 

as small circular lesions on apples (Figure 3.B) as they begin to mature (Biggs & Miller, 

2001). Lesions then enlarge, especially in warm and humid conditions. Within these 

lesions, fungal reproductive structures (acervuli, perithecia, or both) develop (Munir, 2015). 

2.3. Ripe rot 

 In grapes, Colletotrichum spp. causes ripe rot (Shiraishi et al., 2007; Steel et al., 2007; 

Suzaki, 2011; Whitelaw-Weckert et al., 2007). Anthracnose of grapes is caused by another 

fungus, Elsinoë ampelina (Carisse & Morissette-Thomas, 2012). Although some authors 
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report that Colletotrichum species can cause anthracnose of grapes as a leaf infection 

(Sawant et al., 2012).  

 
Figure 3: A) Anthracnose (Louws et al., 2014), B) Bitter rot (Pratt, 2013), C) Ripe rot 

(Photo: Sadoughi, N, 2013). 

 

Within days after infection, spore masses develop and eventually cover most of the berry 

(Figure 3.C) (Greer et al., 2011). Aside from yield losses, this fungi negatively impacts on a 

range of grape quality parameters including colour, flavour and chemical properties such as 

increased residual sugar, volatile acidity, glycerol, gluconic acid and malic acid (Meunier & 

Steel, 2009).  

3. Disease Control      

Infections can occur at any time, particularly in strawberry and blueberry. However, fruit 

infections remain inactive until the fruit is nearly mature. Therefore, control approaches 

must be applied early (Freeman et al., 1996; Milholland, 1995). The following are some 

potential strategies to manage Colletotrichum infections in field situations. 

3.1. Use of Resistant Cultivars 

Different varieties of some plants including blueberries have different levels of susceptibly 

to Colletotrichum spp., due to the presence of defence genes in specific cultivars (Vellicce 
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et al., 2006). The use of resistant cultivars or late maturing cultivars can be a good strategy 

in the field. For example, amongst blueberries the cultivar Elliott has been reported to be 

more resistant to fungal susceptibility, fungal growth and fungal sporulation (Miles et al., 

2011). Among strawberry cultivars, ‘Sweet Charlie’, ‘Carmine’, and ‘Earlibrite’ are 

recognised as the most resistant cultivars,  whilst ‘Camarosa’ and ‘Treasure’ are reported as 

highly susceptible cultivars to Colletotrichum spp. (Chandler et al., 2006). For olives, the 

‘Galega’ cultivar has been reported as most susceptible and the cultivar ‘Picual’ has been 

reported as the most resistant (Gomes et al., 2011). However, between grape cultivars, no 

difference in susceptibly to Colletotrichum spp., has been reported (Steel et al., 2007).  

 

3.2. Monitoring and limiting the spread of the pathogen 

Regular inspection of a field, especially during warm and wet weather, will help enable 

early detection of ripe rot affected fruit. Avoiding excessive overhead irrigation and 

keeping plants dry by reducing water splash through the use of drip irrigation to help lower 

conidial dispersal and spread of the pathogen has been proposed to manage Anthracnose 

infection in strawberries (Daugovish et al., 2012; Louws, 2009). In addition, avoiding the 

movement of personnel or equipment from an infected area to clean areas is critical (Prusky 

et al., 2000).  

3.3. Chemical  

Fungicides are utilised to limit the build-up of the pathogen, even though symptoms are 

usually not visible. Unfortunately, no biological control agents have proven effective and 

no fungicides are registered for grape ripe rot management in Australia. However, some 

fungicides used to manage Colletotrichum disease on host plants other than grapevines 

have the potential to control ripe rot of grapes. Some of these fungicides are currently 
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already registered in Australia for the management of vine diseases other than ripe rot. 

These fungicides are discussed below. 

3.3.1. Prochloraz 

Prochloraz is an imidazole fungicide that is widely used in Europe, Australia, Asia and 

South America within gardening and agriculture (Vinggaard et al., 2006). It has been 

reported that no isolates of C. gloeosporioides obtained from Chinese mangoes can survive 

a 10 µg/mL dosage of prochloraz (Kuo, 2001). Prochloraz has proved an effective 

fungicide to control C. gloeosporioides in grapevines (Wei-ping et al., 2011) and bananas 

(Silva et al., 2008), however use should be minimised due to possible harmful effects to 

humans (Vinggaard et al., 2006). 

3.3.2. Benomyl 

Benomyl is a systemic benzimidazole fungicide that is toxic to microorganisms and 

invertebrates, especially earthworms (Rinnerthaler et al., 2006). It has been recognised as 

an efficient fungicide in tomato, mango, banana, citrus fruit and berries such as blackberries 

and grape (Calatayud & Barreno, 2001; Greer et al., 2011; Peres et al., 2002). Benomyl at 

1.0 μg/mL completely inhibits growth of C. gloeosporioides in culture (Peres et al., 2004). 

However, C. acutatum is less sensitive to benomyl than C. gloeosporioides in culture 

(Troller & Christian, 1978; Valero et al., 2010).  Benomyl appears to act by preventing 

infection and early development of the fungus. However, once symptoms have developed, 

this fungicide has only minimal effects on further disease development and spread (Peres et 

al., 2002).   
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3.3.3. Captan 

Captan is used to control disease on a number of fruits and vegetables and improve the 

outward appearance of many fruits, making them brighter and healthier-looking (Bridges et 

al., 1972). Grape isolates of C. acutatum have been reported to be more sensitive in vitro 

than isolates of C. gloeosporioides (Greer et al., 2011). Conidial germination is totally 

inhibited at 1 µg/mL of captan (Jayasinghe & Fernando, 2000). Captan has also been 

reported as an effective growth inhibitor of Colletotrichum spp. in strawberries  (Daugovish 

et al., 2009). An effective strategy for controlling Colletotrichum spp., based on weekly 

applications of captan throughout the growing season of strawberries, has been suggested 

(MacKenzie et al., 2009). 

3.3.4. Strobilurin  

Strobilurin fungicides including amistar, cabrio and flint are registered for downy mildew 

and powdery mildew in Australia in restricted conditions (Essling & Francis, 2013). 

Strobilurins also have potential effectiveness in the control of bitter rot and ripe rot in 

grapes. Samuelian et al. (2014) showed that an application of cabrio at flowering, veraison, 

and at both flowering and veraison, reduces the severity of ripe rot and bitter rot on grapes 

at harvest.  

 Other fungicides such as chlorothalonil, azoxystrobin, pyraclostrobin, thiophanate-methyl 

for anthracnose (MacKenzie et al., 2009) and quinone fungicides including 1,4-

naphthoquinones, 1,2-naphthoquinones, 1,4-benzoquinones demonstrate good to moderate 

antifungal activity against Colletotrichum (Meazza et al., 2003). However, this disease 

management strategy often fails because of the late appearance of the disease.  
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4. Impact of Colletotrichum and Other Bunch Rots on Chemical Properties of 

Fruits and Wine 

4.1.  Colour Changes 

The first visual change during a pathogen attack on fruit is skin colour changes. The skin of 

fruits are capable of the synthesis and breakdown of several phenolic compounds such as 

stilbenes, anthocyanins and condensed tannins for fungicidal properties (Jeandet et al., 

1991). Chlorophylls and carotenoids both undergo enzyme-catalysed reactions and 

isomerisation reactions that cause colour fading in fruit during spoilage. These natural 

reactions to infection may account for the brown-yellow colouring of the skins (Carvajal-

Millan et al., 2001). During the B. cinerea infection, laccase, a fungal extracellular enzyme 

is formed. Laccase catalyses the oxidation of a large variety of phenolic compounds such as 

anthocyanins and proanthocyanidin monomers, dimers and trimers (Ky et al., 2012). Other 

fungal extracellular enzyme such as cutinase, polygalacturonase, pectin-lyase, pectin-

methyl esterase, acid proteinase, glucanase, cellulase, phospholipidase and lipase degrade 

the skin tissues gradually. These enzymes’ activities release phenolic compounds and 

intensify the oxidation of phenolic compounds by laccases (Andreu & Vidal, 2013; Oliva-

Taravilla et al., 2015). Laccase (p-diphenol oxidoreductase; EC 1.10.3.2) is a water-soluble 

polyphenoloxidases enzyme produced and secreted by plant fungal pathogens. It causes 

undesirable colour (Figure 4) changes in the fruit and their products such as the browning 

of white wine and discoloration of red wines (Iland, 2000).  

Anthocyanins are the most abundant phenolic compounds in red grapes, and 

hydroxycinnamic acids are most abundant in white grapes (Packer et al., 1999). Laccase 

oxidises these phenolic compounds. 
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Laccase activity due to Colletotrichum spp. activity in avocado fruits and capsicum has also 

been reported (Guetsky et al., 2005; Liao et al., 2012).  

 

 
Figure 4: Reactions catalysed by polyphenoloxidases (Desai & Nityanand, 2011). 

 

 

4.2. Glycerol and Gluconic Acid Level 

4.2.1. Gluconic Acid 

Gluconic acid is formed enzymatically from glucose by fungi such as B. cinerea and A. 

niger (Liu et al., 2003; Umbreen et al., 2013) and bacteria such as  acetic acid bacteria - by 

different pathways (Ramachandran et al., 2006). 

In fungi, the oxidation of glucose carried out by glucose oxidase to  form D-glucono-δ-

lactone, and then water is integrated into D-glucono-δ-lactone by D-glucono-δ-lactone-

hydrolysease to form gluconic acid (Ramachandran et al., 2006) (Figure 5).  
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 Figure 5: Pathway of gluconic acid formation in fungi (Hausinger et al., 2015). 

 

Gluconic acid can be used as an indicator of grape and wine quality. Wine should be made 

from grapes which contain less than 0.5 g/L of gluconic acid. Gluconic acid concentrations 

higher than 0.3 g/L in wine is considered as evidence of an infection by B. 

cinerea (Hausinger et al., 2015). Wines deliberately produced with noble rot have between 

1 and 5 g/L gluconic acid  and grey rot wines more than 5 g/L (Hausinger et al., 2015). 

Depending on the climatic conditions, acetic acid bacteria can appear as a subsequent 

infection after B. cinerea which leads to  a massive increase in gluconic acid concentration 

in grapes (Ramachandran et al., 2006; Ribéreau-Gayon et al., 2006). Pure cultures of acetic 

acid bacteria such as Gluconobacter oxydans can produce 72 g/L of gluconic acid in must, 

whereas cultures of B. cinerea only formed 5 g/L (Hausinger et al., 2015). 

4.2.2. Glycerol 

Another indicator of bunch rot activity in grapes which affects berry glucose catabolism is 

the presence of substantial glycerol levels (Pagliaro et al., 2007). As in the case with 

gluconic acid, glycerol can be an indicator of rot severity (Hausinger et al., 2015). Musts 

from healthy and intact berries normally contain less than 1 g/L of glycerol and musts from 

infected berries contain 5-30 g/L glycerol (Hausinger et al., 2015).  
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The initial development of the fungi in bunch rot affected fruit causes a significant increase 

in glycerol level due to the degradation of glucose and fructose (Ribéreau-Gayon et al., 

2006). When fungal symptoms appear visually at the surface of affected fruit, a significant 

accumulation of gluconic acid takes place due to the oxidative stress caused by the fungi 

(Roldán et al., 2003). Glycerol is produced at an early stage of the Botrytis infection, at 

increasing concentrations as Botrytis develops towards noble rot. However, gluconic acid is 

formed much later and is associated with an advanced stage of the grey mould and lower 

‘quality’ (Hausinger et al., 2015).  

Furthermore, the glycerol/gluconic acid ratio can be used to discriminate between grey 

mould and noble rot. A higher ratio indicates a high level of unwanted mould and a lower 

ratio indicates that the Botrytis fungus has developed towards noble rot (Hausinger et al., 

2015). 

4.3. Aroma and Off-flavour Compounds  

Aromatic volatiles contribute to the aroma and flavour of small fruit including blueberries 

and grape berries (Forney, 2001).  Important volatiles from fruit are mostly esters, 

aldehydes and terpenes (Du & Rouseff, 2014; Polashock et al., 2007; Zhang et al., 2014). 

Fungi also produce esters, aldehydes and terpenes, but in different forms These can be 

responsible for off-flavours in the infected fruit such as earthy, vegetal/herbal-like, 

mushroom and mouldy odours. Fungal off-flavour compounds may also persist after 

alcoholic fermentation and may be responsible for major defects in the wine (La Guerche et 

al., 2006).  

This chemical modification due to fungal activity (such as by Botrytis and Colletotrichum 

in infected fruit and wine made from infected fruit) is a problem for the wine industry. 

Despite this, there is little information on how Colletotrichum affects grape and wine 
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quality. A discussion of some of the potential chemical groups responsible for unwanted 

flavours and aromas follows. 

4.3.1. Terpenoids: Geosmin and 2-Methylisoborneol 

The terpenoids are a large and diverse class derived from five-carbon isoprene units 

assembled and modified in different ways. The isoprene unit has the formula 

CH2=C(CH3)CH=CH2 (Jeleń & Wasowicz, 1998). There are two volatile terpenes that are 

the most well known as off-flavour compounds in fungal cultures: geosmin and 2-

methylisoborneol (Karlshoj et al., 2007). 

Geosmin and 2-methylisoborneol are responsible for earthy, muddy characteristics and are 

associated with unpleasant off-flavours in water, fish and wine (Bentley & Meganathan, 

1981; Boutou & Chatonnet, 2007). Their threshold concentration in water has been reported 

to be around 30 ng/L for 2-methylisoborneol and 10 ng/L for geosmin (Lin et al., 2003), 

and in wine 55 ng/L for 2-methylisoborneol and 50 ng/L for geosmin (Boutou & 

Chatonnet, 2007; Jüttner & Watson, 2007). 2-Methylisoborneol is a monoterpene and 

geosmin is an irregular sesquiterpene which has lost an isopropyl group (Figure 6) (Jüttner 

& Watson, 2007). 

 
Figure 6: A) Geosmin and B) 2-methylisoborneol structure (Jüttner & Watson, 2007). 

 

These two terpenes are produced by a wide variety of heterotrophic microorganisms. The 2-

Methylerythritol-4-phosphate (MEP) and mevalonate pathways (MVA) are the major 

http://en.wikipedia.org/wiki/Isoprene
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biosynthethic isoprenoid pathways in many microorganisms (Figure 7) (Jüttner & Watson, 

2007).  

Despite this body of knowledge, understanding the biosynthesis of 2-methylisoborneol and 

geosmin by bunch rot fungi in grape is complicated due to organism variation as well as 

environmental influences (Steel et al., 2013). Coniothyrium spp., Trichoderma spp., 

Rhinocladiealla atrovirens, Rhizopus nigricans,  B. cinerea, Trichotecium roseum, A. niger 

and some species of Penicillium have been reported to produce 2-methylisoborneol and 

geosmin in rotten grapes (La Guerche et al., 2005; La Guerche et al., 2006; La Guerche et 

al., 2007; La Guerche et al., 2004; Rousseaux et al., 2014) through different biosynthetic 

pathways (Jüttner & Watson, 2007). However, only two genera, Streptomyces and 

Penicillium, are found to produce geosmin in model media in vitro. Streptomyces, a soil 

bacterium, cannot produce geosmin in grape berries due to low pH, and Penicillium and B. 

cinerea, although they are largely present in mouldy grapes, are not able to produce 

geosmin without complementary action with each other (La Guerche et al., 2005). B. 

cinerea in grape berries leads to amino acid degradation, which produces favourable 

conditions for geosmin production by Penicillium spp. (La Guerche et al., 2007).  

Other irregular bicyclic monoterpenes which are responsible for off-flavours in bunch rot 

affected grapes and wine made from infected grapes are fenchone and fenchol, which are 

volatile colourless oils (Bignell et al., 1995). Their structures are irregular bicyclic 

monoterpene ketones, derived from geranyl diphosphate which converts to (-)-endo-fenchol 

in an enzymatic conversion, followed by a conversion of (-)-endo-fenchol to fenchene 

(Croteau et al., 1989).  
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Figure 7: Glycolytic, mevalonate and non-mevalonate pathways leading to the production 

of geosmin. PEP: phosphoenolpyruvate. MEP: methylerythritol phosphate pathway. MVA: 

mevalonate pathway (Behr et al., 2014). 

 

4.3.2. Eight-Carbon Alcohols and Ketones 

Mushroom-like flavours can be produced by the presence of the aliphatic eight-carbon 

alcohols and ketones including 1-octen-3-ol, 1-octen-3-one, 2-octen-1-ol and 3-octanone 

(Combet et al., 2006). They have been reported in wheat bread (Cho & Peterson, 2010) and 

cheeses (Boscaini et al., 2003; Kubı́cková & Grosch, 1998) after growth of Penicillium and 

Aspergillus, as well as in other  instances of food spoilage (Wilkins & Scholl, 1989). They 

account for 44.3 % - 97.6 % of the total volatile fraction in fungal food spoilage (Combet et 

al., 2006) and  each one has a particular structure (Figure 8) and specific flavour, from 

mushroom-like for 1-octen-3-ol to sweet and fruity for 3-octanone. Of these two 
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compounds 1-octen-3-ol is the most abundant and has two optically active isomers; (−) 

which is mushroom-like and stronger in flavour and  (+), which is mouldy and grass-like 

(Figure 8) (Combet et al., 2006).. 

 
Figure 8: Structures of eight-carbon volatiles (Combet et al., 2006). 

 

Despite their involvement in several biological processes, little is known about their 

biosynthetic pathway in plants and fungi. The biosynthesis of 1-ocetn-3-ol is better 

documented but not fully understood (Combet et al., 2006; Miyamoto et al., 2014). Eight-

carbon volatiles are derived from linoleic acid, a fatty acid, which is largely found in the 

mycelium and fruit body (Combet et al., 2006). A fatty acid oxygenase, thought to be a 

lipoxygenase, metabolises linoleic acid formation. The different biosynthetic pathways are 

reported in fungi and plants. In fungi, linoleic acid is oxidised to form a 10-hydroperoxide 

intermediate, which is then cleaved to form an eight-carbon volatile.In plants, linoleic acid 

is oxidised to form 13-hydorperoxide or a 9-hydroperoxide intermediate (Combet et al., 

2006). 
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1-octen-3-one and 1-octen-3-ol have been identified in rotten grapes of various varieties as 

well as in musts and wine made from rotten grapes (Boutou & Chatonnet, 2007; La 

Guerche et al., 2007). Their sensory threshold in wine are 40 000 ng/L for 1-octen-3-ol and 

70 ng/L for 1-octen-3-one (Boutou & Chatonnet, 2007). The high level of sensory threshold 

for 1-octen-3-ol means that it has a little effect on the flavour of wine, despite the high 

amounts of 1-octen-3-ol produced by fungi. 

4.3.3. Cork Taint or Anisole Compounds (2,4,6-Trichloroanisole, 2,4,6-

Tribromoanisole,  Pentachloroanisole)  

Anisole is a colourless liquid organic compound with an anise-like smell (Baltacioğlu et al., 

2014). Three anisole compounds are responsible for cork taint in wine (Peña-Neira et al., 

2000).  The first of these is 2,4,6-trichloroanisole (TCA) is a chlorinated anisole (Figure 9) 

which is derived from chlorinated phenolic compounds (Häggblom et al., 1988). A 

detoxification mechanism by the fungi causes methylation of chlorophenols (Prak et al., 

2007). Penicillium spp., Trichoderma spp., Chrysonilia spp., Cladosporium spp., Fusarium 

spp., Acremonium spp., Aspergillus spp., Monilia spp., Mucor spp., Paecilomyces spp., 

Rhizoctonia spp., Mortierella spp., and Verticillium spp. have been reported to produce 

TCA (Buser et al., 1982; Haas et al., 2010; Pereira et al., 2000).  

2,4,6-Tribromoanisole (TBA) is a brominated anisole (Figure 9), derived from brominated 

phenolic compoundsby airborne fungi and bacteria including 

Aspergillus spp., Penicillium spp., Actinomycetes, B. cinerea, Rhizobium spp., and 

Streptomyces (Chatonnet et al., 2004). These same bacteria and fungi cause a similar 

process for TCA. 

Pentachloroanisole (PCA) is a chlorinated aromatic compound (Figure 9). PCA is formed 

by bacteria and fungi mainly from methylation of pentachlorophenol (PCP), which is found 

http://en.wikipedia.org/wiki/Bromination
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widely in the environment (Cheng et al., 2015). These anisole compounds are responsible 

for unpleasant earthy, musty and mouldy aromas in wine (Boutou & Chatonnet, 2007; 

Schmarr et al., 2012). TBA and TCA have very low odour detection thresholds in water 

(0.008 to 0.03 ng/L) and wine (3 ng/L) (Boutou & Chatonnet, 2007; Prat et al., 2008). 

However, PCA has a higher threshold (10 000 ng/L) in wine and therefore less impact on 

wine aroma (Boutou & Chatonnet, 2007). 

 
Figure 9: A) 2,4,6-Trichloroanisole (TCA), B) 2,4,6-Tribromoanisole (TBA) and C 

Pentachloroanisole (PCA) structure (NIST, 2014). 

 

4.3.4. Methoxypyrazines  

Methoxypyrazines are a group of compounds, found in both grapes and wine, which are 

responsible for the very characteristic green, herbaceous, or vegetative odours (Allen et al., 

1991; Boutou & Chatonnet, 2007). Two are considered to be important determinants of 

green flavours in grape and wine; 3-isopropyl-2-methoxypyrazine (IPMP) and 3-isobutyl-2-

methoxypyrazine (IBMP). 

3-Isopropyl-2-methoxypyrazine (IPMP) is a metabolite of soil Actinomycetes  (An et al., 

2012) and is considered to be very potent and have sensory thresholds in wine of 2 ng/L 

(Allen et al., 1991).  3-Isobutyl-2-methoxypyrazine (IBMP), has been reported as an 

anaerobic degradation product of grass (An et al., 2012). It is very similar to IPMP except 

that the alkyl side-group contains an isobutyl group attached to the carbon alpha to the 
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methoxy side group instead of an isopropyl side-group at that same carbon position (Figure 

10).  

IPMP and IBMP have been frequently found in natural water used for drinking water 

resources (An et al., 2012) and tend to be undesirable in the case of certain wines (Boutou 

& Chatonnet, 2007).  

 
Figure 10: A) 3-Isopropyl-2-methoxypyrazine and B) 3-Isobutyl-2-methoxypyrazine 

(NIST, 2014). 

 

5. Analytical methods to quantify off-flavour compounds 

Gas chromatography (GC) is an analytical method for qualification of off-flavour 

compounds. For obtaining high sensitivity and selectivity, chromatography has been  

equipped with mass spectrometry (MS) (Cortada et al., 2011). The extraction techniques 

used for off-flavour compounds can influence the sensitivity of GCMS. There are many 

analytical methods for the extraction of off-flavours compounds in water and wines. Some 

of the extraction/enrichment techniques are listed in Table 2.  
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Table 2: Extraction/enrichment techniques with their limit of detection for two main oof-

flavour compounds and recovery percentage. 

Extraction Method Limits of 

detection  

(ng/L) 

Recovery 

(%) 

Base References 

GSM MIB 

Ultrasound-assisted 

dispersive liquid-liquid 

microextraction 

(USADLLME)   

 

2 9 70 -113 Water 

& Wine 

(Cortada et al., 2011) 

solid phase extraction 

(SPE)  

 

1 5 >50 Water (Ma et al., 2007) 

solid phase 

microextraction (SPME) 

 

1 1 93-110 Water (McCallum et al., 

1998) 

headspace solid-phase 

microextraction (HS-

SPME) 

 

1.5 5.1 90-124 Wine  

purge and trap (PT)  
 

2 1 85-94 Water (Salemi et al., 2006) 

Headspace solvent 

microextraction 

0.8  81 Water (Bagheri & Salemi, 

2006) 
MIB: 2-Methylisoborneol 

GSM: Geosmin  

 

There is, however, a lack of a method which allows for both high recovery rate and a low 

limit of detection for a wide range of fungal off-flavour compounds. For these reasons, 

improved extraction techniques need to be developed. 

6. Effect of nutrients on formation of off-flavour compounds by fungi 

The effects of several nutrients and water activity on off-flavour compounds’ synthesis by 

fungi have been studied in an attempt to determine conditions favourable for production of 

off-flavour compounds. The main studies are summarised below.  
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6.1. Carbon source 

In fungi, carbon sources that can readily serve as growth substrates - such as glucose - often 

repress secondary metabolism of fungi activity such as the biosynthesis of terpenes. The 

production of these terpenes varies depending on the carbon source used (Sivonen, 

1982). Maltose, succinate, lactose and mannitol favoured high biomass production by 

Streptomyces (Schrader & Blevins, 2001). While fructose, sucrose and glucose have been 

reported as the most suitable carbon sources for maximum mycelial growth of A. 

carbonarius (Hashem et al., 2015). In addition, mannitol favoured high geosmin production 

by Streptomyces (Schrader & Blevins, 2001). Lowest geosmin and biomass production by 

Streptomyces occurred with fish-food pellets used as the sole carbon source. It has been 

reported by Hashem et al., 2015 that growth of A. carbonarius and subsequent ochratoxin A 

production were variable with different carbon sources. The lowest level of growth and 

ochratoxin A production were detected with glycerol as the sole carbon source followed by 

pectin and cellulose (Schrader & Blevins, 2001). Fructose was the best carbon source for 

ochratoxin A production (Hashem et al., 2015). Information on the formation of off-flavour 

compounds by Penicillium and Colletotrichum with variable carbon sources has not been 

published.  

6.2. Water activity 

Reducing water activity is a common practice to bind free water (which is defined as the 

water available for use by microorganisms) to extend the shelf life of food products 

(Kabara, 1997; Troller & Christian, 1978). Growth, spore germination and germ tube length 

of Penicillium spp., Geotrichum candidum, Aspergillus spp., decreased by reducing water 

activity (Gougouli & Koutsoumanis, 2010; Pardo et al., 2004; Ramos et al., 1998). The 

growth and production of ochratoxin A  by A. carbonarius were both significantly inhibited 
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with a decrease in water activity level (Hashem et al., 2015). Previous studies also reported 

geosmin and 2-methylisoborneol as having been frequently found in aquatic 

ecosystems such as lakes, dams and rivers (Jüttner & Watson, 2007). Higher nutritive 

solutes which are available to the fungus at higher levels of water activity lead to higher 

fungal secondary metabolism levels including the production of terpenes (Fox & Howlett, 

2008; Mugnier & Jung, 1985). However, there is no published information on formation of 

off-flavour compounds by Penicillium and Colletotrichum and other fungi at different 

levels of water activity. 

6.3. Nitrogen source 

Different sources of nitrogen have been reported as having variable effects on fungal bio-

activity (Hashem et al., 2015). The growth and sporulation of fungi vary based on the 

different nitrogen compounds used (including nitrate, ammonium and organic nitrogen 

(Tandon & Grewal, 1956)). Some sources of nitrogen including organic (peptone and yeast 

extract) and inorganic (sodium nitrates, potassium nitrates, ammonium nitrate) had a 

greater influence on Aspergillus biomass compared to ammonium chloride and urea 

(Hashem et al., 2015). In addition, Ochratoxin A production and kinetic production of 

Ochratoxin A by A. carbonarius and A. niger  vary based on the different nitrogen source 

used (Medina et al., 2008).  

It has been reported that increasing nitrogen levels from 0.5 g/L to 2.5g/L resulted in an 

increase in geosmin synthetised by Penicillium. However, increasing nitrogen by more than 

2.5 g/L reduced geosmin production (La Guerche et al., 2007).  However, there is a lack of 

information on the formation of off-flavour compounds by other fungi such as 

Colletotrichum at varying nitrogen sources and levels. 
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Whether environmental factors can change off-flavour production by Colletotrichum in 

vitro is uncertain. Further study to extrapolate environmental factors in vivo is required. 

7. Remedial Action  

As discussed above, fungal disease control, particularly close to harvest, is limited and can 

lead to the formation of off-flavour compounds and low quality food production.  For 

grapes and wine, wineries are able to minimise the effect of infected fruit with the 

following remedial actions. 

7.1. Harvest and Sorting  

In the case of a bunch rot infection in the vineyard, minimising the use of diseased fruit for 

winemaking is a critical step for maintaining wine quality. Selective hand-harvesting of 

fruit with trained pickers has been suggested, but is only economically viable  in small, 

premium wineries due to the process being time-consuming and expensive (Steel et al., 

2013). Also, recent studies reported that visual estimation of bunch rots at the time of 

harvest is not an accurate method of bunch rot quantification (Hill et al., 2014). Digital 

image analysis (RotBot software) in mobile devices could soon replace visual estimation 

for rapid sensing and easy collection of disease assessment data (Hill et al., 2014). 

7.2. Clarification and Settling and Fermentation 

Off-flavour compounds have been reported to reduce during settling and fermentation (La 

Guerche et al., 2006). (Z)-1,5-octadien-3-one and 1-octen-3-one, have been reported to 

disappear during alcoholic fermentation by S. cerevisiae (Darriet et al., 2002; La Guerche et 

al., 2006), whereas 1-octen-3-ol, is more stable,  with a decrease of only 20 % of 1-octen-3-

ol levels in the same period (La Guerche et al., 2006). It has been claimed that during 

alcoholic fermentation, 1-octen-3-one and (Z)-1,5-octadien-3-one are converted to the 
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much less odorant compounds, namely 3-octanone and (Z)-5-octen-3-one by enzymatic 

reduction (Darriet et al., 2002). However, when the concentration of 1-octen-3-one is high 

in the must at the beginning of fermentation, it is likely that it can be detected in wines even 

after fermentation (Culleré et al., 2006) due to the limited reductive activity of yeast.  

Other off-flavour compounds such as fenchone and fenchol have been detected as being 30 

% lower in concentration after alcoholic fermentation (Cordonnier, 1987; La Guerche et al., 

2006), indicating that these compounds are either metabolised by the yeast or that they 

chemically degraded during fermentation. 

During fermentation 2-Methylisoborneol is also degraded to 2-methylenebornane and 2-

methyl-2-bornene which does not have the same earthy odour (Martin et al., 1988; Yuan et 

al., 2012). Geosmin, however - one of the most potent off-flavour compounds - is very 

stable during wine processing and only 20 % of geosmin was found to disappear after two 

weeks of alcoholic fermentation (La Guerche et al., 2006). After either 2 months at 20 °C 

or 8 months at 10 °C (in a synthetic solution similar to wine), La Guerche et al., 2006 

reported that 50 % of the initial geosmin content had disappeared. Another study 

demonstrated the disappearance of 90 % of geosmin and transformation to argosmin, a 

much less odorous compound (Gerber, 1979), after 24 h in a model solution stored at 90 °C 

(La Guerche, 2004). Despite these decreases, geosmin has frequently been detected in wine 

affected with bunch rots (Boutou & Chatonnet, 2007; Munoz-Gonzalez et al., 2011).  

7.3. Post Fermentation Winemaking: Fining Agents 

Fining agents are regularly used for the elimination of phenolic compounds in wine (Barón 

et al., 1997). Fining agents are able to absorb compounds and remove partially soluble or 

precipitated compounds through settling or centrifugation. Fining agents are able to form 

hydrogen bonds with carbonyl groups on a variety of compounds which may provide 
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opportunities for selective removal of undesirable taint compounds. There are several fining 

agents that have been suggested for reducing off-flavour compounds and these are 

discussed below. 

7.3.1. Polyvinylpolypyrrolidone (PVPP)  

PVPP is a synthetic insoluble polymer composed of cross-linked monomers (Bridi et al., 

2014). PVPP contains a high concentration of carbonyl groups which form hydrogen bonds 

with phenolic compounds (Donovan et al., 1998). Insoluble PVPP contacts relatively few 

of the hydrogen binding sites of the phenolic compound and reacts more readily with small 

phenolic species such as monomers and dimers and leads to improved wine colour (Barón 

et al., 1997; Mitchell et al., 2005). PVPP is routinely used to reduce bitterness and improve 

wine aroma. However, it has been reported that it does not reduce geosmin levels in wine 

(Lisanti et al., 2014).  

7.3.2. Active Carbon  

Activated carbon (also called activated charcoal or activated coal) is a form of carbon 

processed to have small, low-volume pores that increase the surface area available for 

adsorption or chemical reactions (Figueiredo et al., 1999). It has been shown to  bind 3-

isopropyl-2-methoxypyrazine and 3-isobutyl-2-methoxypyrazine in water (An et al., 2012) 

and wine (Blake, 2009; Ryona et al., 2008). In white wine, it is able to decrease the 

concentration of geosmin significantly (Fudge et al., 2012). The most likely adsorption 

mechanism is hydrophobic interaction with the carbon surface, and the compound being 

preferentially adsorbed into the micropores (diameter <2 nm) (Yu et al., 2007). However, 

the surface chemistry of active carbon could also have a negative role, as demonstrated by 

its aiding a decrease of valuable volatile compounds such as esters (Considine et al., 2001).  
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7.3.3. Potassium Caseinate 

Potassium caseinate is a family of phosphoproteins involved in a number of important 

physiological processes (D'Auria et al., 2005). It is a protein found in milk and interacts 

with tannins by hydrogen bonding between the phenolic hydroxyl and the peptide bonds of 

the protein components and hydrophobic interactions (Le Bourvellec & Renard, 2012). 

Potassium caseinate has been used as a fining agent in wine and has been shown to 

decrease the concentration of geosmin (Lisanti et al., 2014). However, it is not able to 

decrease some volatile phenols responsible for smoke taint in wine (Fudge et al., 2012). 

Problematically, potassium caseinate can also decrease the four esters (isoamyl acetate, 

ethyl hexanoate, ethyl octanoate and ethyl decanoate), responsible for fruity notes in wine , 

while alcohols were not affected (Lisanti et al., 2014).  

7.3.4. Egg white 

 Egg white has been added for hundreds of years during the winemaking process for 

clarification and taste improvement, especially in red wine, because ovalbumin has the 

capacity to remove polyphenolic compounds by adsorption (Tschiersch et al., 2010). Egg 

white interacts with tannins by hydrogen and peptide bonds in the same manner as kappa 

casein (Le Bourvellec & Renard, 2012). Consequently, the fining proteins form insoluble 

particles which settle and can be removed. This can negatively affect wine sensory 

characteristics and reduce the astringency of the wine. It has also been reported that wines 

fined with egg white or ovalbumin could retain allergens and present a risk for egg-allergic 

consumers (Deckwart et al., 2014).  
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7.3.5. Bentonite 

Bentonite is principally used to reduce proteins responsible for haze in white wine 

(Sauvage et al., 2010). It is a negatively charged clay colloid and it adsorbs positively 

charged proteins such as invertases, chitinases and β-glucosidases from juice, must and 

wine (Sauvage et al., 2010). It has been reported that it can reduce geosmin and 2-

methylisoborneol in water (Liu et al., 2011). However, the use of bentonite in red wine may 

be limited by its ability to reduce colour by adsorption of anthocyanins compounds 

(Rommel et al., 1990).  

 

Despite the positive effect of some of these fining agents on wine quality due to their ability 

to remove some of the reported fungal taints, limited evidence has been reported and 

further investigation is required.  

SUMMARY  

In this review, the different types of fruit diseases caused by Colletotrichum spp. have been 

described with particular reference to the two major species, C. acutatum and C. 

gloeosporioides. The practical techniques to control these fungal pathogens in the field 

have been reviewed. The effects of bunch rots on chemical changes including colour due to 

laccase activity, the formation of gluconic acid and glycerol from glucose have been 

examined. In addition, the biosynthetic pathway leading to the formation of terpenoids, 

eight carbon volatiles, anisole compounds and methoxypyrazine compounds in rotten 

grapes and wine have been studied. Some possible remedial actions, such as fining agents 

and the field management of Colletotrichum have been reviewed.  

The ability of Colletotrichum spp. to infect various tissue types in different fruits 

underscores the importance of this pathogen in horticultural production. A more detailed 
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understanding of the factors affecting growth of Colletotrichum spp. in fruits and the 

chemical impact caused by the growth of the fungi in grapes and wine can elucidate the role 

of these fungi and help in understanding and managing this grapevine pathogen. As off-

flavour compounds are one of the most important factors in the determination of quality-

loss in food products such as fruits and wine, this review has focused on those off-flavour 

compounds in fruits and wine caused by the effects of Colletotrichum on the grapes. 

However, the nature of these compounds in ripe rot affected fruit is unknown and a greater 

understanding of the formation the off-flavour compounds is required. 

The review of the literature dealing with plant diseases of fruit crops caused by species of 

the fungus Colletotrichum indicates several gaps in our knowledge. This body of research 

will address some of these gaps:  

1. Establishing a fast and accurate method to measure potential off-flavour compounds 

in grapes and wine.  

2. Monitoring the effect of ripe rot (C. acutatum) especially on off-flavour compounds 

affecting wine quality and studying the effect of fining agents for amelioration    

3. Investigating the development of off-flavours and physicochemical changes in fruits 

infected with ripe rot  

4. Studying the influence of some environmental parameters including water activity 

and nitrogen availability on off-flavour formation by Colletotrichum spp. in fruits infected 

with ripe rot.  

These gaps have been investigated in this study and will result in four peer-reviewed 

journal articles. Preliminary results leading to these articles have been presented at two 

different conferences, in workshops and in an industry article.  
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ABSTRACT 

An optimized method for the quantitation of volatile compounds responsible for off-aromas 

such as earthy odours found in wine and grapes was developed. The method involved a fast 

and simple headspace-solid-phase-micro-extraction gas-chromatography mass-

spectrometry (HSSPME–GC–MS) for simultaneous determination of 2-isopropyl-3-

methoxypyrazine, 2-isobutyl-3-methoxypyrazine, 3-octanone, fenchone, 1-octen-3-one,  

trans-2-octen-1-ol, fenchol, 1-octen-3-ol, 2-methylisoborneol, 2,4,6-trichloroanisole, 

geosmin,  2,4,6-tribromoanisole and pentachloroanisole.  The extraction of temperature and 

time were optimized using response surface methodology in both wine base (WB) and 

grape base (GB). 

Low limits of detection (0.1-5 ng/L in WB and 0.05 - 1.6 in GB), and quantitation (0.3 - 17 

in WB and 0.2 - 6.2 in GB), with the good recoveries (83- 131 %) and repeatability (4.3 - 

9.8 % CV in WB and 5.1 - 11.1 % CV in GB) and reproducibility (3.6 - 10.2 in WB and 1.9 

- 10.9 in GB) indicate that the method has excellent sensitivity and is suitable for the 

analysis of these off flavour compounds in wine and grape juice samples.  
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INTRODUCTION 

Consumer demand for high-quality products free from defect or off-flavour dictates that 

rigorous quality control procedures are used to maintain product integrity.  The 

development of off-flavours arising from fungal contamination of fruits, particularly grapes 

and grape products such as wine, is increasingly, an important quality control issue (Steel et 

al., 2013). The analysis of aroma compounds responsible for the main olfactory defects of 

grapes and wines is an important step in the evaluation of product quality. A rapid 

analytical method that enables the simultaneous quantitation of the principal molecules 

identified as responsible for the off-flavours is therefore particularly valuable. 

A range of fungal off-flavours in grapes and wine have been described, with the most 

widely recognized being a dusty, mouldy and musty odour. Pentachloroanisole (Peña-Neira 

et al., 2000), 2,4,6-Tribromoanisole (Chatonnet et al., 2004) and 2,4,6-Trichoroanisole 

(Buser et al., 1982) are responsible for cork taint. These compounds have very low 

olfactory thresholds in wine, and therefore, powerful analytical methods are required for 

their detection and quantitation. Besides cork taint, geosmin, an aromatic volatile fungal 

metabolite with an earthy smell, has been detected in wines made from rotten grapes (La 

Guerche et al., 2005; Morales-Valle et al., 2010).  

In addition, methylisoborneol and 1-octen-3-ol produced by B. cinerea causes a mushroom 

taint (Morales-Valle et al., 2010). Other compounds of fungal origin with earthy, muddy or 

mushroom odour are 2-isobutyl-3-methoxypyrazine (Bañeras et al., 2013), 2-isopropyl-3-

methoxypyrazine, 3-octanone, 1-octen-3-one, fenchone, fenchol and trans-2-octen-1-ol 

which have also been reported in musts or crushed grapes (La Guerche et al., 2006). While 

the concentrations of these compounds are typically very low (ng/L), they can influence the 

wine aroma because of their low sensory thresholds (Steel et al., 2013). 
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The fungal off-flavour components listed in Table 1 comprise several classes of organic 

compounds that typically differ by several orders of magnitude in affected fruits and fruit 

products. Because the target molecules are volatile, previously reported procedures for their 

determination are based on sampling the headspace of grapes or wine using solid phase 

microextraction (HS-SPME) (Antalick et al., 2010; Martins et al., 2012), purge and trap 

(Barata et al., 2011) or headspace gas analysis (Aberl & Coelhan, 2012) coupled with gas 

chromatography-mass spectrometry (GC-MS). A challenge in determining the 

concentrations of compounds in ranges that typically vary by orders of magnitude is 

determining optimum combinations of conditions for sample handling.  The design of 

experiments and response surface modelling of analyte responses has been employed to 

determine the optimum time and temperature for SPME extraction processes (Ryan et al., 

2005). However when multiple analyte responses require optimization, the most 

favourable handling conditions for individual analytes becomes increasingly convoluted. 

To date, no single method has been developed that enables quantitation of a wide range of 

fungal off-flavours across several orders of magnitude of the MS detector.  In this context, 

we describe the application of response surface modelling combined with a modified 

desirability method for optimization of multiple responses (Derringer & Suich, 1980), to 

optimize HS-SPME extraction time and temperature conditions for the simultaneous 

quantitation of a range of fungal off-flavours. Our approach models multiple responses and 

maximizes analytical sensitivity, with limits of quantitation well below the reported sensory 

threshold for these compounds. However when multiple analyte responses require 

optimization, the most favourable handling conditions for individual analytes becomes 

increasingly convoluted. This method has also allowed the first reported investigation of 
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compounds that contribute to the off-flavours found in wines made from ripe rot (C. 

acutatum) affected grapes.  

MATERIALS AND METHODS 

Chemicals. Analytical grade chemicals and reagents for the preparation of standard 

solutions for GC-MS analysis were used without further purification. 2-Isobutyl-3-

methoxypyrazine , 2-isopropyl-3-methoxypyrazine , 3-octanone, 1-octen-3-one, trans-2-

octen-1-ol, 1-octen-3-ol, 2-methylisoborneol, 2,4,6-trichoroanisole, geosmin, 2,4,6-

tribromoanisole , methyl-isobutyl-ketone, 2-octanol and geosmin-D3 were obtained from 

Sigma-Aldrich (St. Louis, MO). Fenchone and fenchol were obtained from Fulka (Buchs, 

Switzerland). 2-Methyl-D3-isoborneol, 2,4,6-trichloroanisole-D5, 2,4,6-tribromoanisole-

D5 and pentachloroanisole-D3 CDN Isotopes (Pointe-Claire, Quebec, Canada). Ethanol 

(VWR Prolabo, Fontenay Sous Bois, France), L-(+) tartaric acid 

(Sigma, Steinheim, Germany), and potassium hydrogen tartrate (BHD Chemicals 

Ltd., Poole, UK) were used for preparation of model wine base solutions. Deionized water 

was obtained from a MilliQ mixed bed resin system (18 MΩ/cm, 25 °C). 

Instrumentation. An Agilent 7890A gas chromatograph, equipped with Gerstel 

multipurpose sampler with automated SPME capability, and Peltier cooled sample tray, 

interfaced to an Agilent 5975C triple axis mass detector was used for confirmation of 

compound identity, method development and final sample analysis. MSD Chemstation 

E.02.00.493 (Agilent Technologies Ltd.) and NIST MS Search 2.0, version 2008 was used 

to control the instrument and for mass spectra assessment. Prepared samples were placed 

into the Peltier cooler tray set at 8 °C until analysis whereupon vials were transferred to a 

heater block with a 2 minute pre-incubation time before insertion of the SPME fiber.  A 

fused silica capillary column (DB-Waxetr, 60 m × 0.25 mm i.d. 0.25 µm film thickness, 
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Agilent Technologies, Santa Clara, CA) was used for compound separation by GC.  The 

injector block was fitted with a 2 mm internal diameter borosilicate liner (SGE), and the 

injector temperature set to 260 °C in splitless mode.  Fibers were inserted into the injector 

for 1 minute, withdrawn and injected into a second injector set at 270 °C with a 50: 1 split 

for 10 minutes with a 15 mL/min purge flow to clean the fiber, prior to the next sample 

analysis. The oven temperature program commenced at 40 °C for 3 minutes, increased to 

115 °C at a rate of 5 °C/min, increased to 166 °C at a rate of 3 °C/min and a final increase 

to 210 °C at a rate of 10 °C/min and held for 12 minutes. The total run time was 51.4 min. 

The flow rate of ultra high purity helium gas was constant at 3 mL/min. The MS source, 

quadrupole and transfer line temperatures were set to 230 °C, 150 °C and 275 °C 

respectively. 

Compound identification and elution profiles. Solutions of all listed compounds were 

prepared at the approximate midpoint of the calibration range, in a model wine consisting 

of tartaric acid (0.008 M), potassium hydrogen tartrate (0.011 M), and ethanol (3.0 % v/v).  

These solutions were used to confirm compound elution times and ion profiles.  Samples 

(10 mL) were transferred to the heater block set at 50°C with an agitation rate of 250 

rvolutions per minute (rpm) and equilibrated for 1 minute. A 

divinylbenzene/carboxen/polydimethylsiloxane (DVB/ CAR/ PDMS) SPME fiber, which is 

reported to possess a high level of sensitivity for the compounds of interest (Ezquerro & 

Tena, 2005), had been preconditioned according to the manufacturers, and was then 

inserted into the headspace for 20 minutes at 50 °C, before the insertion into the GC 

injector.  Mass spectral data was collected in both selective ion monitoring (SIM) at 

ionization voltage 70 eV and scan mode (m/z 35 - 350). Final elution profiles were 

confirmed by matching mass spectral data with the National Institute of Standards and 
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Technology (NIST) mass spectral search program (version 2.0) MS library (version 8.0), 

and by the determination of Kovat’s retention indices.  RIs were checked for each 

compound using a commercial mixture of n-alkanes (Sigma, Steinheim, Germany), an 

identical oven ramp profile and gas flow rates as used for the final analyses. 

Preparation of wine base and grape base solutions. A WB solution was prepared by 

diluting commercial Chardonnay wine (Charles Sturt University Winery 2009) with 

ultrapure water 1:4 to achieve an ethanol concentration of 3 % (v/v) and adjusting the pH to 

7.0 by addition of sodium hydroxide (1 M). A GB solution was prepared by homogenizing 

Thompson Seedless grapes (approximately 2 kg) with an ultra-Turax T25 (Jane & Kunkel 

Ika-labtechnik) for 2 minutes. This was diluted 1: 5 with ultrapure water to achieve a 

carbohydrate concentration of 2.5 % (w/v) and pH was adjusted to 7.0. Prior to the use of 

WB and GB for further method development, the absence of the compounds of interest was 

confirmed by HS-SPME-GC-MS using SIM mode with all conditions as previously 

mentioned. 

Optimization of Sample Extraction conditions. Optimization of extraction time and 

temperature was determined using a Box-Behnken experimental designed with a three level 

factorial design as previously described (Rebiere et al., 2010; Ryan et al., 2005). 

Compounds were tested in WB or GB with salt at approximately the one-tenth point of the 

calibration curve.  SPME extraction was performed using a DVB/ CAR/ PDMS fiber. 

Temperature conditions of 30, 50 and 70 °C with  extraction times of 30, 50 and 70 minutes 

were examined in a randomized order, with the central condition repeated three times to 

determine the extraction repeatability.  Thus the experimental design was constructed with 

independent variables at levels (-1, 0, 1) for temperature (30, 50, 70 °C) and time (30, 50 70 

minutes). Compound quantitation ions results for each compound were exported to Matlab 
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R2007a (The Mathworks, Natick, MA) and extraction conditions modelled using response 

surface methodology. The predicted maximum quantitation ion response at optimized 

conditions for each compound was determined from the response surface model using a full 

quadratic model to account for constant, linear and squared terms (Leardi, 2009):  

Y = bo + b1X1 + b2X2 + b12X1X2 + b11X1
2 + b22X2

2 + ɛ          (Equation 1) 

Where Y is the predicted response for each compound, X1 is the extraction temperature, X2 

is the extraction time, bo is the constant term, b1 and b2 are the coefficients for the linear 

terms; b12 is the coefficient for the interactions, b11 and b22 are the coefficients for the 

squared terms or variables (time and temperature) for each compound model and ɛ the 

residual. The coefficients were calculated using regression analysis and the significance of 

each variable was determined using a two-tailed t-test. The coefficients bn and indication of 

their significance are shown in Figure 1.   

The response surface curve of geosmin for the extraction conditions is shown in Figure 2. A 

modified desirability method for the optimization of multiple response variables was used 

in which the importance of specific responses were down weighted (Derringer & Suich, 

1980).  Briefly, relative peak size (RPS) coefficients for each compound were calculated 

from the inverse of the largest predicted maximum quantitation ion peak divided by each 

target compound peak area in the compound list (Table 1 and 2). Weighted mean extraction 

times and temperatures were then calculated from the product of inverse RPS and 

optimized time or optimized temperature for the compounds.  This enabled a comparison of 

the relative extraction and detection efficiencies for all compounds and assisted in 

minimizing the loss of analytical sensitivity for specific compounds that give low peak 

areas compared to compounds with large peak areas.  
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Effect of salting on extraction efficiency. Duplicate samples were prepared in either a WB 

or GB with or without salt. Samples were spiked with compounds to produce a 

concentration of one- tenth of the maximum calibration point.  The effects of salting on the 

ionic strength were determined by placing 3.0 g of NaCl into each 20 mL sample vial prior 

to introducing 10 mL of sample. SPME extraction was conducted at final SPME optimized 

extraction condition [for GB 65 °C for 67 min (Table 1) and for WB 44 °C for 65 min 

(Table 2)] using a DVB/ CAR/ PDMS fiber with quantitation ions counted in SIM mode. 

Quantitation ion counts for target compounds in wine or grape base solution with or 

without the salt are presented in Figure 3. 

Calibration curves. Calibration solutions were prepared in either WB or GB by diluting a 

mix of the pure compounds to seven concentrations over the analytical range (Table 3) and 

internal standard as designated in Table 4 and saturated with NaCl (30 %). Triplicate 

analysis was conducted for each calibration level in both WB and GB and SPME extraction 

was conducted as previously mentioned. 

Limit of detection and limit of quantitation. WB and GB spiked with low level of target 

compounds were used to establish the LOD and LOQ of the overall method. The LOD 

(concentration for signal/ noise = 3) and the LOQ (concentration for signal/ noise = 10) 

were manually calculated from the ratio of the peak heights to the average noise before and 

after each peak. These data are listed in Table 3. 

Recovery experiments in red and white wine and grapes. Recovery experiments were 

conducted in triplicate in wines (diluted 1: 4) and grape homogenates (diluted 1: 5) adjusted 

to a pH of 7.0 using 1M NaOH. Compounds were spiked into these solutions at 

approximately one-fifth and one-tenth of the calibration curve. NaCl (3.0 g) was placed into 

each 20 mL sample vial prior to introducing 10 mL of sample. Compound recoveries are 
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reported as a percentage of the spiked quantity determined from the calibration curves for 

each analyte (Lizarraga et al., 2004). 

Repeatability and reproducibility. To evaluate repeatability, five white wines 

(Chardonnay) and five homogenate Thompson Seedless grape samples were spiked with a 

concentrated mix of target compounds, as described above. To evaluate reproducibility 

spiked, samples were prepared and analysed over a period of five days with results 

expressed as the coefficient of variation (% CV) (Lizarraga et al., 2004). 

Analysis of healthy and infected grape and wine samples. 

Healthy and infected grape samples. Bunches of Shiraz grapes were collected from a 

vineyard in the Riverina,  NSW, Australia, during the 2012 vintage.  Fruit was handpicked 

and sorted into two separate batches according to a visual assessment for the presence of 

obvious fungal bunch rots. Based on a visual examination, gray mould or B. Cinerea 

(Elmer & Michailides, 2007) was the predominant bunch rot disease in these grapes. 

Cabernet Sauvignon bunches were similarly collected from a commercial vineyard located 

in the Hunter Valley, NSW, Australia, during the 2013 vintage and sorted into two batches 

according to the presence or absence of obvious mould growth.  On the basis of a visual 

examination, ripe rot or C. acutatum (Whitelaw-Weckert et al., 2007) was the predominant 

bunch rot disease in these grapes. Triplicate samples from each batch of grapes were 

prepared as same as GB samples. 

Wine made from grapes affected with bunch rot moulds. Grapes were obtained from a 

single block of Semillon vines located in the Riverina, NSW, Australia, during the 2011 

vintage. Whole bunches were randomly selected along vine rows from both sides of the 

vine and sorted into two groups based upon the visible level of infection. The control group 

had no perceived infection (i.e. clean fruit or 0 % bunch infected), while the second 
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treatment had high level infection (up to 45 - 50 % of the bunch infected). These treatments 

were juiced and fermented separately to finished wine (Boissery, 2011). A further 

experimental wine made from Cabernet Sauvignon grapes that investigated the effect of 

ripe rot in an earlier study (Meunier & Steel, 2009) was also used in this investigation.  

Three commercially made wines were selected for analysis. These wines were a 2003 

Semillon wine from the Hunter Valley, NSW, Australia, a 1978 Cabernet Sauvignon wine, 

and a 1987 vintage wine made from Botrytis Muscat of Alexandria grapes from Riverina, 

NSW, Australia,. Triplicate samples from each batch of wine were prepared as same as WB 

samples for the quantitation of the compounds of interest. 

RESULTS AND DISCUSSION 

Optimization. Optimization of sample treatment parameters is arguably the most important 

aspect of method development for sensitive, accurate and precise quantitation of volatile 

compounds (Alpendurada, 2000; Rocha et al., 2001). Optimized sample handling 

parameters were determined using response surface modelling and a desirability function, 

in which the importance of sample conditions for compounds with a high signal response 

relative to those with a low signal, is down weighted by the calculation of a relative 

response factor (Derringer & Suich, 1980). Weighted mean extraction times and 

temperatures were calculated from the product of inverse RPS and optimized time or 

optimized temperature for the compounds of interest (Tables 1 and 2 for WB and GB 

respectively). This approach for HS-SPME optimization enabled  lower limits of 

quantitation to be achieved than previously reported for the compounds of interest (Boutou 

& Chatonnet, 2007).    

Response surface modelling to determine the optimized experimental conditions was 

undertaken in accordance with equation 1 for each analyte of interest.  Consequently for 
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each analyte and solvent system (WB or GB) there exists six b coefficients that correspond 

to the fitted response when linear, squared, and interaction terms are modelled for a two 

factor (time and temperature) model.  The magnitude of each b-coefficient is dependent 

upon the analyte signal and the significance for each co-efficient can be determined using a 

t test.  Inspection of the t test values for the b-coefficients for each compound in WB infers 

that an optimized sample incubation temperature is a more important factor than fiber 

exposure time to achieve maximum analytical sensitivity (Figure 1). In GB fiber exposure 

time and sample incubation temperature are both important factors to optimize for the 

analysis of some compounds. The diminished importance of fiber exposure time for 

optimizing WB analysis may reflect a modified polarity of the solvent base due to the 

presence of ethanol which has increased the volatility of the analytes and hence headspace 

concentration. Consequently equilibrium between the WB headspace concentration and 

binding of these compounds onto the fiber, once exposed to the sample, occurs more 

rapidly than in GB. The analysis of alcoholic beverages can be challenging for HS-SPME 

analysis as the competitive adsorption between ethanol and other interesting volatile 

compounds onto the SPME fiber may cause loss of analytical sensitivity. This is due to the 

relative concentration of ethanol far exceeding that of other compounds leading to fiber 

saturation (Khio et al., 2012).  Dilution of samples to a lower ethanol concentration limits 

competitive binding of ethanol to the fiber, allowing a lower detection limit for interesting 

compounds to be achieved (Stackler & Christensen, 1974).  

The incorporation of high ionic strength solutes into the sample matrix is frequently 

employed for the analysis of volatile compounds with HS-SPME methods (Howard et al., 

2005; Rocha et al., 2001), with sodium chloride or sodium sulfate most commonly used. 

An increased ionic strength sample matrix often results in higher analyte signal responses 
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with HS-SPME methods. This is because an increased volatility of specific compounds 

arises from the altered solubility of polar compounds (Fries, 2011). Partition coefficients 

for the gaseous phase are therefore improved and consequently greater analyte quantities 

are absorbed by the SPME fiber. This phenomenon was observed for all compounds of 

interest in the present investigation (Figure 3).  

Calibration curves and Method Evaluation. Calibration curves prepared in a diluted 

wine or grape homogenate matrix were constructed from the mean quantitation ion count of 

three replicate analyses, using a mix of naturally occurring and deuterated analogues as 

internal standards.  Good correlation coefficients (r2> 0.981) for all compounds (Table 3) 

and recovery experiments (Table 5) indicate matrix interferences were relatively minor.  

Recovery values expressed as the coefficient of variation ranged from 83 to 131 in WB and 

89 to 121 in GB, and indicate that the wine matrix had a greater impact upon the analysis 

than the grape base.  This is not unexpected as even with dilution, the ethanol concentration 

in wine was still relatively high compared to the analyte concentration. Additionally, the 

wine matrix is comprised of a significantly greater number of volatile compounds arising 

from yeast metabolism which may lead to competitive interactions on the fiber surface and 

contribute to the matrix effect.  Recovery values for spiked red wine also indicate possible 

interactions of the matrix with analytes to a greater extent than in the white wine (Table 5).  

It is possible that the greater concentration of phenolic compounds in red wine may have 

caused interference with recovery. However, values from two spiked additions were 

acceptable for analytical use (Table 5).    

The limits of detection and quantitation for all analytes (Table 3) are lower than levels 

previously reported for wine and grape samples (Cortada et al., 2011). These values are 

remarkably lower than those found in the literature (Table 6), and in any case, are well 
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below the reported sensory threshold of these components in wine. To the authors 

knowledge, no prior single GC-MS method has been developed that enable rapid and 

sensitive analysis of the  diverse compounds elicited from mould growth that  impart earthy 

taint aromas in one single GC-MS run. Our approach demonstrates the value of utilizing 

optimization of multiple response factors by weighting specific variables according to a 

global desirability function.   

Analysis of healthy and infected grape and wine samples. The method has been applied 

to the analysis of infected grapes and wines.  The growth of C. acutatum and B. cinerea on 

grapes is clearly associated with elevated levels of 2-methylisoborneol, geosmin and 1-

octen-3-one (Table 7). These compounds are also present in wine made from grapes 

infected with these fungal pathogens and are above reported sensory thresholds. Previously 

reported levels of geosmin in grapes infected with B. cinerea support our findings for the 

production of these compounds in grapes infected with this mould (La Guerche et al., 2005; 

La Guerche et al., 2006).    

As shown in Table 7, geosmin was measured at levels higher than the reported sensory 

perception threshold in Semillon wine made from grapes infected with B. cinerea. 

Similarly, in Cabernet Sauvignon wines made from grapes infected with C. acutatum, 2-

methylisoborneol levels were higher than the sensory perception threshold. It appears that 

2-methylisoborneol contributes to the off-flavours found in wines made from ripe rot 

affected grapes, while geosmin has a greater role in contributing to the off-flavours found 

in wines made from gray mould affected grapes. While previous studies have examined off-

flavours found in wine made from grape infected with gray mould (B. cinerea) and 

Penicillium (La Guerche et al., 2006) and sour rot (Barata et al., 2011). As far as we are 
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aware, this is the first study that has attempted to identify the chemical nature of the off-

flavours found in wine made from grapes affected with ripe rot (C. acutatum).  

Dilution of wines to an approximate ethanol concentration of 3 % (v/v), increasing ionic 

strength in SPME fiber exposure and sample extractions conditions have enabled a 

sensitive HS-SPME method to be devised. This method is also suitable for grape samples 

and has excellent analytical reproducibility and repeatability for volatile fungal metabolites. 

It has been validated across a large range of analytical levels and has a higher sensitivity 

than previously reported.  The methods described enabled the determination of off-flavours 

in wine and grapes at ng/L levels and achieve a linear, specific, accurate and repeatable 

method in a single run. The levels of detection are below the reported olfactory thresholds 

of perception (Boutou & Chatonnet, 2007). The method had good recoveries (83- 131 %), 

with acceptable repeatability and reproducibility.   The developed method requires little or 

no sample preparation, is easily automated, reliable and has no requirement for solvent 

extraction.  Because of its simplicity, the method is suitable for the analysis of fungal off-

flavours compounds in wine and grapes and may have applicability for the analysis of other 

fruit and beverage products impacted by fungal growth.  
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Table 1: Optimized extraction times and temperatures for target compounds in grape samples1. 

 
Compound Optimized 

Time 

Optimized 

Temperature 

Predicted 

Response 

Relative 

Peak 

Size 

(RPS) 

Inverse 

RPS2 

Inverse 

RPS*O

PT 

Time 

Inverse 

RPS*OPT 

Temp 

2-Isobutyl-3-methoxypyrazine 70.0 70.0 23479 0.018 53 3724 3724 

2-Isoproyl-3-methoxypyrazine 69.0 67.0 9706 0.008 129 8880 8622 

3-Octanone 70.0 70.0 79560 0.063 16 1099 1099 

Fenchone 65.5 45.5 1168575 0.935 1.1 70 48 

1-Octen-3-one 64.5 69.5 57264 0.045 22 1406 1516 

Fenchol 64 51.5 622317 0.498 2 128 103 

1-Octen-3-ol 64.5 59.5 1249123 1.000 1 64 59 

Trans-2-octen-1-ol 50.5 49.5 41463 0.033 30 1521 1491 

2-Methylisoborneol 69.5 52.5 3965 0.003 315 21895 16539 

2,4,6-Trichoroanisole 70.0 70.0 4360 0.003 286 20054 20054 

Geosmin 66.0 70.0 5283 0.004 236 15605 16550 

2,4,6-Tribromoanisole 56.6 70.0 6995 0.005 178 10107 12500 

Pentachloroanisole 63.0 70.0 1701 0.001 734 46263 51404 

SUM     2004 130820 133714 

Weighted Mean Extraction 

Temperature and Time 

    65.3 

min 

66.7°C  

1Determined of the midpoint of the calibration curve. 
2Rounding errors account for minor differences expresses values. 
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Table 2: Optimized extraction times and temperatures for target compounds in wine1. 

 
Compound Optimized 

Time 

Optimized 

Temperature 

Predicted 

Response 

Relative 

Peak Size 

(RPS) 

Inverse 

RPS2 

Inverse 

RPS*OPT 

Time 

Inverse 

RPS*OPT 

Temp 

2-Isobutyl-3-methoxypyrazine 70 70 13035 0.188 3 180 180 

2-Isoproyl-3-methoxypyrazine 70 70 18217 0.054 18 1290 1290 

3-Octanone 70 70 92474 0.275 4 254 254 

Fenchone 30 30 1335750 1.000 1.0 30 30 

1-Octen-3-one 70 70 66676 0.199 5 352 352 

Fenchol 70 70 247942 0.738 1.3 95 95 

1-Octen-3-ol 37 30 1301970 0.899 1.1 41 33 

Trans-2-octen-1-ol 70 70 208108 0.619 2 112 112 

2-Methylisoborneol 70 70 15421 0.046 22 1524 1524 

2,4,6-Trichoroanisole 30 70 5791 0.017 58 1739 4058 

Geosmin 70 70 20984 0.062 16 1120 1120 

2,4,6-Tribromoanisole 31 46 8835 0.026 38 1178 1748 

Pentachloroanisole 30 70 8954 0.0267 37 1125 2624 

SUM 
    

205 9040 13419 

Weighted Mean Extraction 

Temperature and Time  
  

 

43.9 

min 
65.2 °C 

 
1Determined of the midpoint of the calibration curve 
2Rounding errors account for minor differences expresses values 
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Table 3: Details of target compounds identification, calibration curves and method evaluations. 

 

 

No. Compound IS Quant

* ion 

m/z 

Qualifie

r ion m/z 

(%) 

Calibratio

n range  

(ng/L) 

Sample 

type 

r2 LOD 

(ng/L) 

LOQ 

(ng/L

) 

Repeat

ability 

(% CV) 

Reprodu

cibility 

(% CV) 

1 2-Isobutyl-3-

methoxypyrazine 

 

IS1 124 151 (20) 

94 (21) 

4.4 - 282 W 0.996 0.2 0.6 7.4 8.7 

G 0.994 0.1 0.3 9.7 8.9 

2 2-Isoproyl-3-

methoxypyrazine 

 

IS1 137 152 (31) 

124 (41) 

2.8 - 179 W 0.986 0.1 0.3 6.8 8.1 

G 0.995 0.05 0.2 5.1 7.2 

3 3-Octanone IS2 57 72 (73) 

71 (63) 

99 (75) 

20 - 4010 W 0.998 10 20 9.6 10.2 

G 0.988 7 20 11 9.8 

4 Fenchone IS2 81 69 (44) 

152 (17) 

33 - 26760 W 0.993 1 4 9.8 4.9 

G 0.981 1 4 9.6 5.7 

5 1-Octen-3-one IS2 55 70 (95) 

83 (16) 

97 (25) 

2 - 980 W 0.999 0.3 1 7.1 8.8 

G 0.981 0.3 0.8 8.7 8.6 

6 Trans-2-octen-1-ol IS3 57 68 (31) 

55 (46) 

3 -2480 G 0.993 1 3 9.8 4.9 

W 0.991 1 3 9.6 5.7 

7 Fenchol IS3 81 80 (61) 

121 (14) 

34 - 6905 W 0.993 1 3 6.4 6.4 

G 0.997 1 3 8.1 6.7 
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No. Compound IS Quant

* ion 

m/z 

Qualifie

r ion m/z 

(%) 

Calibratio

n range  

(ng/L) 

Sample 

type 

r2 LOD 

(ng/L) 

LOQ 

(ng/L

) 

Repeat

ability 

(% CV) 

Reprodu

cibility 

(% CV) 

8 1-Octen-3-ol IS3 57 72 (18)  

85 (11) 

99 (6) 

35 - 7000 W 0.997 1.5 3.5 5 8.0 

G 0.996 1.5 3.5 9.4 6.1 

9 2-Methylisoborneol 

 

IS4 107 135( 12) 

95 (5) 

3.1- 200 W 0.992 3.1 6.2 4.3 3.6 

G 0.996 3.1 6.2 8.6 6.7 

10 2,4,6-Trichoroanisole 

 

IS5 195 210 (67) 

212 (65) 

0.58 – 

37.3 

W 0.998 0. 10 0. 30 8.5 7.14 

G 0.994 0.10 0. 30 11.1 5.5 

11 Geosmin IS6 112 111 (24) 

125 (17) 

1.25- 80 W 0.955 1.00 2.5 5.2 5.17 

G 0.997 0.42 1.5 7.4 8.7 

12 2,4,6-

Tribromoanisole 

 

IS7 346 344 (98) 

329 (73) 

0.82 – 

52.5 

W 0.997 0. 2 0.8 9.7 8.9 

G 0.997 0.1 0.3 8.7 1.9 

13 Pentachloroanisole 

 

IS8 280 265 (95) 

237 (92) 

267 (81) 

3.47 -55.5 W 0.919 0.12 0.4 7.9 8.04 

G 0.991 0.5 1.8 10.3 10.9 

*As proportion of the quantitation ion. 

W: Wine base. 

G: Grape base. 
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Table 4: Details of internal standards identification and concentration. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*As proportion of the quantitation ion. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. Compound Retention 

time (min) 

Quant

*  ion 

m/z 

Qualifier 

ion m/z 

(%) 

Concentrat

ion 

(ng/L) 

IS1 2-Isobutyl-3-Methoxy-

D3-Pyrazine 

24.0 127 154 (15) 25 

IS2 Methyl-isobutyl-ketone  9.5 58 85 (96) 

100 (88) 

97 

IS3 2-Octanol 21.3 45 55 (36) 

56 (12) 

70 (10) 

60.2 

IS4 2-Methyl-D3-Isoborneol 26.0 110 138 (24) 

55 (10) 

100 

IS5 2,4,6-Trichloroanisole-

D5 

33.9 215 217 (94) 20 

IS6 Geosmin-D3 34.4 115 129 (12) 

128 (18) 

30 

IS7 2,4,6-Tribromoanisole-

D5 

44.6 349 347 (36) 20 

IS8 Pentachloroanisole-D3 46.2 283 285 (57) 20 
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Table 5: Recovery of two different addition concentrations of compounds of interest in wine 

and grape juice.  

  Recovery %1  Recovery %2 

Compound Red 

Wine 

White 

Wine 

Grape  Red 

Wine 

White 

Wine 

Grape 

2-Isobutyl-3-

methoxypyrazine 
104 125 116  125 116 89 

2-Isoproyl-3-

methoxypyrazine 
87 108 96  111 99 111 

3-Octanone 103 108 120  108 113 121 

Fenchone 83 92 100  105 92 115 

1-Octen-3-one 100 83 101  94 90 98 

Trans-2-octen-1-ol 97 97 92  123 107 95 

Fenchol 103 95 104  131 117 104 

1-Octen-3-ol 100 95 95  118 108 96 

2-Methylisoborneol 99 103 104  100 104 102 

2,4,6-Trichoroanisole 118 95 107  94 106 105 

Geosmin 99 102 100  116 106 104 

2,4,6-Tribromoanisole 99 100 113  100 98 101 

Pentachloroanisole 97 91 115  115 104 108 

1. Recoveries of one-tenth addition of the maximum calibrate. 

2. Recoveries of one-fifth addition of the maximum calibrate. 
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Table 6: Sensory threshold and limit of detection (LOD) of target compounds in wine 

matrix.  

Target Compound Sensory 

Threshold 

in wine 

(ng/L) 

Odour LOD 

(ng/L) 

present 

study 

LOD 

(ng/L) 

previously 

reported 

2-Isobutyl-3-methoxypyrazine  1-16 1 Vegetal, green 

pepper 

0.1 3.1 2 

2-Isoproyl-3-methoxypyrazine 2 1 Muddy 0.2 3.1 2 

3-Octanone   10 NR 

Fenchone  Muddy 1 1.8 2 

1-Octen-3-one 70 2 

 

Fungus 0.3 0.75 3 

Trans-2-octen-1-ol NR  1 NR 

Fenchol  Muddy 1 1.6 2 

1-Octen-3-ol 40 000 2 Fungus 1.5 1 2 

2-Methylisoborneol 55 2 Muddy 3.1 5.1 

2,4,6-Trichoroanisole 3 2 Mold 0.1 0.05 4,  

0.1 5 , 2 6, 

0.8 7, 

0.3 2 

Geosmin 50 2 Muddy 1 0.5 6, 

1.5 2 

2,4,6-Tribromoanisole 2-5 2 Mold 0.2 0.09 4, 

0.1 5, 

0.2 2, 

Pentachloroanisole 10 000 2 Dust 0.12 0.5 2 

NR: Not Reported 

1: Allen et al., 1991, 2: Boutou & Chatonnet, 2007, 3: Culleré et al., 2006, 4: Schmarr et 

al., 2012, 5: Slabizki et al., 2013, 6: Weingart et al., 2010, 7: Özhan et al., 2009. 
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Table 7: Off-flavour compounds in bunch rot affected grape and wine samples and commercial wines. 

 

Sample/ 

Treatments 

2-

Isobut

yl-3-

metho

xypyra

zine 

2-

Isoproyl-

3-

methoxy

pyrazine 

3-

Octanon

e 

Fencho

ne 

1-Octen-

3-one 

Trans-2-

octen-1-ol 

Fenchol 1-Octen-3-ol 

Grape         

Shiraz / Control ND ND BLQ BLQ ND 400 ± 10a BLQ 935 ± 10a 

Shiraz/ Gray mould ND ND BLQ BLQ 2567 ± 

48 

425 ± 21a BLQ 5647 ± 74b 

Cabernet Sauvignon / 

Control 

2 ± 0a 1 ± 0a BLQ BLQ ND 185 ± 10a BLQ 1087 ± 2a 

Cabernet Sauvignon / 

Ripe rot 

2 ± 0a 1 ± 0a BLQ BLQ 1190 ± 

46 

195 ± 13a BLQ 5735 ± 52b 

Experimental Wine:         

Semillon / Control ND ND ND ND 1 ± 1a ND ND 1186 ± 24a 

Semillon / Gray mould ND ND 121 ± 31 ND 112 ± 8b ND ND 1416 ± 14b 

Cabernet Sauvignon / 

Control 

1 ± 0a ND ND ND ND 140 ± 1a ND ND 

Cabernet Sauvignon / 

Ripe rot 

1 ± 0 a ND ND ND 38 ± 13 138 ± 4a ND 166 ± 12 

Commercial wine         

Muscat  ND ND ND 1657 ± 

132 

ND ND 2542 ± 235 ND 

Semillon 1 ± 0 BLQ BLQ ND BLQ 15 ± 2 ND ND 

Cabernet Sauvignon 4 ± 1 BLQ ND ND BLQ 17 ± 3 ND 13 ± 4 
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* Continue    

Table 7: Off-flavour compounds in unch rot affected grape and wine samples and commercial wines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ND: Not Detected, BLQ: Below Limit of Quantitation.  

Mean ± standard deviation of triplicate determinations are reported. 

Mean values within grape and experimental wine samples column (healthy and infected) followed by different superscript letters (a, b) 

are significantly different at P < 0.05.

Sample/ 

Treatments 

2-

Methylisobor

neol 

2,4,6-

Trichoroanis

ole 

Geosmin 2,4,6-

Tribromoaniso

le 

Pentachlor

oanisole 

Grape      

Shiraz / Control ND ND 12 ± 0a ND ND 

Shiraz/ Gray mould 127 ± 13 ND 118 ± 10b ND ND 

Cabernet Sauvignon / Control ND ND 7 ± 0a ND ND 

Cabernet Sauvignon / Ripe 156 ± 27 ND 24 ± 1b ND ND 

Experimental Wine:      

Semillon / Control ND BLQ 9 ± 1a ND ND 

Semillon / Gray mould ND BLQ 51 ± 5b ND ND 

Cabernet Sauvignon / Control ND ND 5 ± 1a ND ND 

Cabernet Sauvignon / Ripe rot 53 ± 8 ND 27 ± 3b ND ND 

Commercial wine      

Muscat  ND ND 75 ± 21 ND ND 

Semillon 17 ± 1 BLQ ND BLQ ND 

Cabernet Sauvignon 87 ± 18 ND ND ND 21 ± 2 
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Figure 1: Response surface modelling of quantification ion counts to determine the 

optimized experimental conditions was undertaken in accordance with equation 1 for each 

analyte of interest.   An asterisk (*) above the co-efficient indicates a significant term in the 

regression model (P < 0.05)  Compound numbers; 1: 2-Isopropyl-3-methoxypyrazine; 2: 2-

Isobutyl-3-methoxypyrazine; 3: 3-Octanone; 4: Fenchone; 5: 1-Octen-3-one; 6: Trans-2-

Octen-1-ol; 7: Fenchol; 8: 1-Octen-3-ol; 9: Methyl Isoborneol; 10: 2,4,6-Trichloroanisole; 

11: Geosmin; 12: 2,4,6-Tribromoanisole; 13: Pentachloroanisole. 



 

89 
 

 

Figure 2: Response surface curve in WB for geosmin of varying sample incubation 

temperatures and fiber exposure time. 
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Figure 3: The effects of salting in wine or grape base solution on the quantitation ion counts for all target compounds.  

The wine or grape base solution was spiked at a concentration at one tenth of the maximum calibration point.  

GB= Grape Base, WB= Wine Base. 



                                                                                                                                      

91 
 

CHAPTER III 

Characterisation of Some Mushroom and Earthy Off-flavours found in 

Wine made from Ripe Rot Affected Grapes 

ISHS Acta Horticulturae 1115: XXIX International Horticultural Congress on 

Horticulture: Sustaining Lives, Livelihoods and Landscapes (IHC2014): IV 

International Symposium on Tropical Wines and International Symposium on Grape 

and Wine Production in Diverse Regions 

ABSTRACT 

Ripe rot of grapes caused by the fungus Colletotrichum acutatum is a subtropical fungal 

bunch rot disease that results in the formation of off-flavours in wine. The chemical 

natures of the off-flavours have not been fully characterised. The aim of this study was 

to identify and quantify some of the volatile compounds potentially responsible for 

mushroom or earthy odours in wine made from grapes infected with C. acutatum and 

investigate possible methods of amelioration. Cabernet Sauvignon wines previously 

were vinified from healthy and ripe rot affected grapes sourced from the Hastings 

Valley, NSW, Australia,  were analysed by headspace-solid-phase micro-extraction–gas 

chromatography–mass spectrometry (HS-SPME–GC–MS). Geosmin, 1-octen-3-ol, 1-

octen-3-one, and 2-methylisoborneol (MIB) were significantly higher in wines (P < 

0.05) made from ripe rot affected grapes than wines made from apparently disease-free, 

healthy grapes. MIB concentration in wines made from ripe rot affected grapes was 

higher than its reported sensory perception threshold. This suggests that MIB may 

contribute to the off-flavours found in wines made from ripe rot affected grapes. The 

fining agents, polyvinylpolypyrrolidone (PVPP), carbon and bentonite, were 

investigated at two concentrations for remediation of wines affected by ripe rots.  All 

fining agents significantly reduced geosmin, 1-octen-3-ol, 1-octen-3-one concentrations 

in affected wine but had no impact on the concentration of MIB.  

http://www.actahort.org/books/1115/index.htm
http://www.actahort.org/books/1115/index.htm
http://www.actahort.org/books/1115/index.htm
http://www.actahort.org/books/1115/index.htm


                                                                                                                                      

92 
 

Keywords: Colletotrichum, fungal off-flavour, GC-MS, fining agents, geosmin, 2-

methylisoborneol, bunch rots of grapes. 

INTRODUCTION 

Ripe rot of grapes caused by the filamentous fungus C. acutatum is a bunch rot disease 

associated with humid sub-tropical climates (Meunier & Steel, 2009; Steel et al., 2013). 

Latent infections, beginning possibly as early as flowering, develop into symptoms at 

the same time as ripening (Steel et al., 2007).  The timing of the disease makes control 

of ripe rot in the vineyard difficult and no fungicides are registered for control of the 

infection  in Australia (Steel et al., 2007). 

Little information is available about the chemical changes due to Colletotrichum. Until 

now, researchers have focussed mostly on the influence of B. cinerea on grape and wine 

flavour (Bailly et al., 2006; Morales-Valle et al., 2011). Various compounds are listed 

frequently in the literature as characteristic of the grey mould (B. cinerea): 2-

methylisoborneol (MIB), geosmin, 2-isobutyl-3-methoxypyrazine, 3-octanone, 1-octen-

3-one, fenchone, fenchol and 1-octen-1-ol. These compounds have also been reported in 

musts or crushed grapes (Boutou & Chatonnet, 2007; La Guerche et al., 2005). Meunier 

& Steel (2009) stated that wine made from the infected Cabernet Sauvignon grapes had 

a higher pH, volatile acidity, residual sugar, alcohol concentration and higher levels of 

both glycerol and gluconic acid indicative of fungal contamination. Wine made from the 

infected grapes, however, had a lower titratable acidity, and also a browner colour hue 

due to laccase activity.  The chemical modifications in wine due to Colletotrichum 

activity is a major problem in wines made from infected Cabernet Sauvignon grapes, 

even when infection rates are as low as 3%. The sensory features of these wines are 

typically described  as hessian sack, with a musty aroma and noticeable bitterness 

(Meunier & Steel, 2009).    
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Despite a considerable amount of literature on the B. cinerea induced off-flavour of 

wine, little has been published on C. acutatum. For instance, the compounds responsible 

for earthy mushroom flavour in wine made from ripe rot infected grapes, has to the 

authors' knowledge, not been previously described. Possible treatments during the 

winemaking process to reduce the concentration and impact of off-flavour compounds 

have also not been reported. 

Three fining agents commonly used during wine production; polyvinylpolypyrrolidone 

(PVPP), bentonite and activated carbon, are investigated in this study to determine their 

effect for remediation of wines impacted with off-flavours caused by ripe rot.  These 

agents are not specific for taints, and are typically used for  reduction of unwanted 

phenolics and protein stabilisation in the case of bentonite (Iland et al., 2004). However, 

their use is reported to cause a decrease of off-flavour compounds such as geosmin and 

also esters compounds in some white and red wines (Lisanti et al., 2014).  

The objectives of this work were to further explore the effect of Colletotrichum on wine 

quality. In this study, we have attempted to identify and quantify the off-flavour 

compounds in wine made from ripe rot affected Cabernet Sauvignon grapes. In 

addition, three fining agents (activated carbon, bentonite and PVPP) were evaluated for 

their efficacy in decreasing the amount of four key off-flavour compounds that were 

identified.  

MATERIALS AND METHODS 

Materials. 2-Isobutyl-3-Methoxypyrazine (IPMP), 3-octanone, 1-octen-3-one, 1-octen-

3-ol, 2-methylisoborneol (MIB), geosmin, methyl-isobutyl-ketone, 2-octanol and 

geosmin-D3 were obtained from Sigma-Aldrich (Sydney, Aust.). Fenchone and fenchol 

were obtained from Fulka (Buchs, Switzerland). 2-Isobutyl-3-methoxy-d3-pyrazine and 

2-methyl-d3-isoborneol were obtained from CDN isotope (Quebec, Canada). Purified 

water was obtained from a Milli-Q Academic (Millipore) water system. 
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Wine Making. Wines used in this investigation were made from Cabernet Sauvignon 

grapes affected with ripe rot and were part of an earlier study (Meunier & Steel, 2009) . 

In brief, the fruit was hand-picked during the 2003 growing season (Meunier & Steel, 

2009) and sorted into separate batches, one that was visually sound and apparently free 

(0 % severity level of infection) from infected bunches, and the other, visually affected 

with ripe rot (3 % severity of infection). No other bunch rot diseases were apparent. 

Equal weights of disease-free grapes and ripe rot-affected grapes were mixed to obtain a 

third incidence level of 1.5 % severity of infection. The winemaking protocol has been 

previously described (Meunier & Steel, 2009). The preliminary sensory analysis of this 

experiment in 2013 indicated that wine made from 3% infected Cabernet Sauvignon 

grapes had a more bitter, mouldy aroma and less floral and fruity flavour intensity 

compared to the wine made from sound fruit. This result is similar to that found in 2009 

by Meunier & Steel who claimed the same wine made from 3% infected Cabernet 

Sauvignon grapes had a more bitter taste, was more harsh on the palate, and had a less 

fruity flavour intensity compared to the wine made from sound fruit. It is possible that 

both wines analysed during 2013 (made from both infected and sound fruit) had more 

reductive off-flavours due to the increase in H2S during storage. Wine oxidation 

spoilage during storage can result in the loss of aromatic compounds associated with 

fresh and fruity aromas (Ugliano et al., 2013; Nagel et al., 1979). However, aging and 

storage cause a series of complex changes in red wine which is not predictable, 

especially without considering microbial metabolism. Because no score-based sensory 

test was applied to both the 2009 and 2013 tastings of the experimental wine to score its 

fruity or mouldy characteristics in comparison to a model sample, the above 

assumptions cannot be verified. 
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GS/MS Analysis. Wines samples were accurately diluted 1:4 in ultrapure water to 

reduce the wine sample ethanol concentration from between 13.0 to 13.5 % v/v, to 

around 3 % v/v; pH was adjusted to 7 by addition of 1M NaOH. Samples were then 

analysed by the described optimised GC/MS method in Chapter II of this thesis and in 

Sadoughi et al., (2015).  

 

Fining Trials. Three different fining agents at two different levels of concentration 

were investigated. Polyvinylpolypyrrolidone (PVPP): 500 mg/L and 1000 mg/L, 

Carbon: 250 mg/L and 500 mg/L and Bentonite: 1000 mg/L and 2000 mg/L were added 

to the  ripe rot affected wine (3 % severity), following the procedures outlined by Iland 

et al.,  (2004) . A control sample was also prepared and all samples were analysed after 

2 days (Table 1).  

 

Data Analysis. All data were analyzed using two-way ANOVA from Minitab (Minitab 

Inc., State College, PA) version 17. Significance of differences was defined at P < 0.05. 

RESULTS AND DISCUSSION 

GS/MS Analysis. Fenchol, Fenchone and 3-Octanone were not detected by GC/MS in 

any of samples with different level of ripe rot severity. Morales et al., (2010) and La 

Guerche et al., (2006) also reported traces of fenchol and fenchone in bunch rot affected 

grape juice medium and rotten grape and must made with rotten grapes. However, the 

levels of the compounds were below their limit of quantification in all samples. IPMP, 

typically associated with unripe aromas in Cabernet sauvignon (Allen et al., 1991) did 

not differ in concentration in wines made from different severity levels of infection. 

MIB, 1-octen-3-ol and 1-octen-3-one were not detected in wine with 0 % ripe rot 

severity and geosmin was found in very low concentration (5.2 ± 0.8 ng/L). The 
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concentration of geosmin, MIB, 1-octen-3-ol and 1-octen-3-one increased significantly 

(P < 0.05) in both the 1.5 and 3.0 % infection rates (Table 1). 

Wine made from grapes with 3 % ripe rot severity had a MIB (53 ± 8 ng/L) 

concentration that is approximately the same as the sensory threshold  of  55 ng/L, 

reported for red wine (Boutou & Chatonnet, 2007). This suggests MIB may make 

significant contributions to the off-flavours found in wines made from ripe rot affected 

grapes. La Guerche et al.,  (2006) also reported MIB has frequently been found in  

rotten grapes and wine made from rotten grapes.  Levels for each of the other three 

compounds were below the reported sensory thresholds (Boutou & Chatonnet, 2007). 

However, the olfactory perception threshold of 1-octen-3-ol is 1000-fold higher than 

that of 1-octen-3-one. This makes the role of 1-octen-3-one in off-flavour potentially 

more important in the contribution of earthy aromas.  

As the wine made with the 1.5 % infection rate also had noticeable off-flavour aromas, 

it is possible that the lower concentrations of MIB, geosmin, 1-octen-3-ol and 1-octen-

3-one, in combination produce a synergistic effect to produce the off-flavours.  

 

Fining Trials. All fining agents decreased the 1-octen-3-one levels, with PVPP in 

particular appeared to demonstrate the highest efficacy (Table 2). Relatively small 

reductions in 1-octen-3-ol were observed with all fining agents at both concentrations. 

However, only PVPP (500 mg/L and 1000mg/L) had the abilty to decrease the 1-octen-

3-ol significantly  (P < 0.05). Relatively high dosage rates of carbon and PVPP were 

able to reduce geosmin levels  significantly (P < 0.05) whilst bentonite had no 

significant effect on geosmin concentrations. This is in contrast to a study by Lisanti et 

al (2014) who reported that a lower dosage of carbon, 200 mg/L decreased the 

concentration of geosmin by 23 % and that  a PVPP rate of 800 mg/L had no significant 

effect.  
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Overall, PVPP reduced the off-flavour compounds to the greatest extent, decreasing 

geosmin, 1-octen-3-one and 1-octen-3-ol significantly. However, PVPP had no 

significant effect on MIB, which remained at levels close to the reported sensory 

threshold. 

CONCLUSIONS 

The findings of this article have important implications for our understanding of how C. 

acutatum affects grape and wine quality. Geosmin, MIB, 1-octen-3-ol and 1-octen-3-

one were identified as compounds found in ripe rot affected wine. Further research is 

required to demonstrate the level of infection required to adversely affect wine quality. 

Three fining agents, carbon, bentonite and PVPP were trialled and PVPP was found to 

efficiently reduce the geosmin, 1-octen-3-ol and 1-octen-3-one. However, none of the 

fining agents seemed to decrease the MIB level significantly and the use of other fining 

agents should be explored. 

 

Supporting Information 

Physico-chemical characteristics of ripe rot affected wine with different percentage of 

ripe rot severity are presented at Appendix Chapter (Table A1).  
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All results are reported in ng/L. 

 

 

 

 

 

 

 

 

Table 2: Effect of fining agents on the level of four off-flavour compounds in ripe rot 

affected wine. 
 1-Octen-3-one 1-Octen-3-ol MIB Geosmin 

 ng/L % 

Dec* 

ng/L % 

Dec* 

ng/L % 

Dec* 

ng/L % 

Dec* 

Control 38±13a  166±12 a  53.3 ± 

8.3a 

 27.7±3.0a  

Carbon 250 

mg/L 

24.8± 3.1ab NS 129.3± 9.2ab NS 45.0 ± 

8.3a 

NS 21.3± 

1.8b 

40.3 

Carbon 500 

mg/L 

18.6± 

2.8bc 

40.3 144.0± 10.6abc 13. 6 42.5 ± 

8.3a 

NS 12.4± 

2.8b 

65.3 

Bentonite 

1000 mg/L 

20.9± 

4.3bc 

33.0 142.7±  16.2abcd NS 48 ± 8.0a NS 27.6± 4.4a NS 

Bentonite 

2000 mg/L 

14.3± 3.8c 54.2 152.0± 4.0bcd 8.8 42.7± 6.1a NS 25.3± 3.7a NS 

PVPP 500 

mg/L 

4.7± 1.15d 85.0 109.3± 16.7cd 34.3 49. 3± 

10.1a 

NS 15.2± 

1.9b 

57.5 

PVPP 1000 

mg/L 

2.4± 0.6d 92.5 117.3± 8.3d 29.5 43.5± 6.1a NS 14.9± 

3.6b 

58.0 

Mean values within each column followed by different superscript letters (a, b, c, etc.) 

are significantly different at P < 0.05. All results are reported in ng/L. 

* Significant percentage decreases (α = 0.05) (NS = not significant). 

 

Table 1: The concentration of off-flavour compounds (ng/L) in wine made from grapes with 

different percentage of ripe rot severity. 

Ripe 

rot % 

IPMP 

 

1-

Octen-

3-one 

Fenchol Fenchone 3-

Octanone 

1-

Octen-

3-ol 

MIB Geosmin 

0 1.2± 0. 

2a 

ND ND ND ND ND ND 5.2± 0.8 
a 

1.5  1.1± 

0.3a 

19± 

4.1a 

ND ND ND 99± 14a 24± 

5a 

12± 3.4b 

3 1.1± 0. 

4a 

38± 

13b 

ND ND ND 166± 

12b 

53± 

8b 

35± 7.0c 

Mean values within each column followed by different superscript letters (a, b, c, etc.) are 

significantly different at P < 0.05. 



                                                                                                                                      

100 
 

CHAPTER IV 

Development of Off-Flavours and Physicochemical Changes in 

Grapevine Berries (Vitis vinifera) and Blueberry Fruits (Vaccinium 

corymbosum) Infected with Ripe Rot and Anthracnose (Colletotrichum 

spp.) 

In Preparation, Postharvest Biology and Technology, 2016  

 

ABSTRACT 

Ripe rot of grapes (Vitis vinifera) and anthracnose of blueberries (Vaccinium 

corymbosum) are two plant diseases caused by two fungal species of Colletotrichum, C. 

acutatum and C. gloeosporioides. Ripe rot of grapes and anthracnose of blueberries 

result in a loss of crop and a deterioration in fruit quality. In both cases the affected fruit 

loses normal turgidity and off-flavours are formed. The chemical nature of the physico-

chemical changes in affected fruit is not fully known.  

 The objective of this investigation was to study the formation of off-flavour compounds 

in two different host plants, V. vinifera (cultivars Chardonnay and Cabernet Sauvignon) 

and V. corymbosum following inoculation with different isolates of C. acutatum (DAR 

77282, 76888, 32068, 76925) and of C. gloeosporioides (DAR 77292). Disease 

expression, formation of secondary metabolites associated with off-flavours in fruit 

products and the levels of glycerol and gluconic acid were monitored at regular post 

inoculation intervals (0, 3, 5 and 7 days).  

Disease development in grapes and blueberries inoculated with Colletotrichum spp. are 

strongly dependent on host type and infection period. All five fungal isolates examined 

had a similar effect on grape berries and blueberries. The level of four off-flavours 

compounds; 1-octen-3-one (0 - 552 ng/L), 1-octen-3-ol (0 - 6275 ng/L), 2-

methylisoborneol (0 - 703 ng/L) and geosmin (0 - 51 ng/L) assessed periodically up to 
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seven days post-inoculation were related to the degree of infection score, colour, acetic 

acid, glycerol levels and gluconic acid accumulation. Visual disease symptoms as well 

as glycerol and colour changes were apparent three days post inoculation, whilst a 

noticeable increase in off-flavour and gluconic acid formation occurred five days post-

inoculation. 

 

INTRODUCTION 

Species of the fungus Colletotrichum are responsible for a number of plant diseases 

including anthracnose in avocado, blueberries, mango, papaya, tomato, almond, olive, 

peach, bitter rot in apples and ripe rot in grapes (Bernstein et al., 1995; Freeman et al., 

2001; Greer et al., 2011; Peres et al., 2002; Prusky et al., 2000). The fungus often 

infects plants grown under warm and wet conditions such as sub-tropical and tropical 

regions of the world including Japan (Shiraishi et al., 2007; Yamamoto et al., 1999), 

China (Yan et al., 2014), Brazil (Peres et al., 2002), India (Sawant et al., 2012) and 

Australia (Steel et al., 2007; Whitelaw-Weckert et al., 2007).  

Vaccinium corymbosum (blueberry) is one of the most susceptible plants to 

Colletotrichum spp. (Miles et al., 2013; Polashock et al., 2005; Verma et al., 2007). This 

disease can have a severe economic impact, with pre-harvest losses in blueberries 

estimated at 10 – 20 % and post-harvest losses as high as 100 % in storage (Milholland, 

1995). Furthermore, the grape cultivars, V. vinifera (Chardonnay), a white wine grape  

responsible for approximately one-half of Australia’s total white wine production, and 

V. vinifera (Cabernet Sauvignon), a red wine grape which accounts for over 25 % of 

Australia red wine production, are two of the most important grape cultivars for 

premium wine production (Australian Bureau of Statistics, 2012). Both of these 

cultivars have known susceptibilities to ripe rot (Greer et al., 2011; Sawant et al., 2012; 

Steel et al., 2011; Steel et al., 2007; Suzaki, 2011). 
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 Two species of Colletotrichum, C. acutatum and C. gloeosporioides, are associated 

with fungal rots of fruits (Denoyes-Rothan et al., 2003; Martinez-Culebras et al., 2003; 

Peres et al., 2002).  Early  studies focused on C. gloeosporioides as it was initially 

believed to be the primary agent of blueberry anthracnose (Daykin & Milholland, 1984; 

Hartung et al., 1981). Advances in fungal taxonomy indicate that some species have 

been previously incorrectly identified as C. gloeosporioides (Cannon et al., 2008; 

Phoulivong et al., 2010). Other studies have shown C. acutatum to be the predominant 

pathogen in blueberries (Miles et al., 2013; Polashock et al., 2005; Verma et al., 2006; 

Wharton & Schilder, 2008). Furthermore C. acutatum is the predominant species 

associated with ripe rot of grapes (Cleaves, 2011; Greer et al., 2011; Whitelaw-Weckert 

et al., 2007). Both species cause similar symptoms on ripe grape berries (Meunier & 

Steel, 2009; Shiraishi et al., 2007) and blueberries (Wharton & Schilder, 2008). The 

berry skin becomes wrinkled with dehydration and orange to brown spots develop due 

to sporulation on the surface of the ripe berries. In addition, wine made from infected 

fruit has been described as  having a bitter taste, with  “hessian sack” and  musty 

flavours (Meunier & Steel, 2009).  Key fungal volatile metabolites have been detected 

in grapes affected with other fungal pathogens, including Botrytis cinerea and 

Penicillium spp. (La Guerche et al., 2005; La Guerche et al., 2006; Morales-Valle et al., 

2010; Morales-Valle et al., 2011). Recently the quantification of  2-methylisoborneol, 1-

octen-3-ol, geosmin and 1-octen-3-one  were reported in ripe rot affected grapes 

(Sadoughi et al., 2015). While the formation of similar off-flavour compounds in berry 

crops such as blueberry is probable, this has not been documented.  In addition, the 

dynamics of formation of these compounds in ripe rot affected fruit is not well 

understood. For instance it is unknown if off-flavour formation precedes the visual 

appearance of disease on the blueberry and grape berry surface. As C. acutatum is 

considered to be the primary agent associated with disease (Polashock et al., 2005; 
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Schilder et al., 2002; Steel et al., 2007; Verma et al., 2006), this study focused on  four 

isolates of C. acutatum and one C. gloeosporioides isolate using two host plants, grapes 

and blueberries. The aim of the work was to investigate the dynamics of off-flavour 

formation and fruit quality following infection in two wine grape varieties (Chardonnay 

and Cabernet Sauvignon) and blueberry. Indicators of fungal contamination and 

subsequent loss of fruit quality including the formation of glycerol and gluconic acid 

were measured.  

MATERIALS AND METHODS 

Reagents. 1-octen-3-one, 1-octen-3-ol, 2-methylisoborneol, geosmin, methyl-isobutyl-

ketone, 2-octanol and geosmin-d3 were obtained from Sigma-Aldrich  (Baulkham Hills, 

NSW, Australia). 2-methyl-d3-isoborneol was obtained from CDN isotope (Quebec, 

Canada). Purified water was obtained from a Milli-Q Academic (Millipore) water 

system. All other reagents were obtained from Sigma- Aldrich. 

Fungal isolates. Four isolates of C. acutatum (DAR 77282, DAR 76888, DAR 32068, 

and DAR 76925) and one isolate of C. gloeosporioides (DAR 77292) were obtained 

from the following host plants. DAR 77282, DAR 76888 and DAR 77292 were 

obtained from grapevines located in subtropical regions of Australia using the methods 

of isolation as previously described by Steel et al. (2007). DAR 76925 was obtained 

from blueberries from Corrindi, NSW, Australia,  while DAR 32068 was obtained from 

strawberries in Corrindi, NSW, Australia. 

Sample preparation. Fungal isolates were cultured on potato dextrose agar (PDA) 

plates and grown under continuous UV light (310–420 nm) for 12 hours/day at 22-25 

°C for 4-7 days to induce sporulation. Spore suspensions were prepared by dislodging 

spores in sterile distilled water from the surface of a culture growing on PDA. Spore 

concentrations were determined using a haemocytometer and the concentration adjusted 
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to 106 spores per mL using sterile distilled water. Disease-free grape bunches were 

collected from Chardonnay and Cabernet Sauvignon vines from commercial vineyards 

in Tumbarumba and Wagga Wagga, NSW, Australia. These regions are located in 

temperate climates of Australia and vines grown in these areas are not prone to ripe rot 

infection. Disease-free blueberries (unknown cultivar) were obtained from a local 

supermarket outlet. Prior to use, berries were surface sterilised as described previously 

by Steel et al. (2007). The total soluble solids of the berries were determined using a 

hand-held refractometer (Atago, Tokyo, Japan) and reported in degrees ºBrix. The pH 

of the berries was measured at room temperature using a Radiometer pH meter with a 

Corning pH electrode. Individual grape berries were cut from the bunch, at the pedicel. 

Grape berries or blueberries were placed into the wells of a 24 well flat-bottom 

microtiter plate (Iwaki Microplates; Funahashi, Japan) and inoculated with either a 10 

µL drop of spore suspension (106 spores per mL) or sterile water for controls and placed 

near the distal apex of the berry. A relative humidity (RH) of approximately 100 % was 

achieved by the addition of 20 mL of water to the surrounding wells of each plate. 

Three replicates for each isolate with 12 berries per replicate were inoculated and the 

microtiter plates containing the inoculated berries were incubated at 25°C. Berries were 

examined at 0, 3, 5 and 7 days post inoculation Colletotrichum was re-isolated from a 

representative sub-sample of infected berries infected and grown in pure culture, in 

fulfilment of Koch’s postulates.  

Infection score. Berries were scored for visible signs of ripe rot and severity using a 

zero to four scale. 0 represented a berry showing no visible signs of ripe rot and scores 

of 1, 2, 3, and 4 correspond to skin softening, browning, mycelia growth and the 

presence of spore discharge respectively (Figure 1).   

A dissecting microscope (40 times magnification) was used to assist in scoring berry 

infection. The infection score was calculated by multiplication of point scales and the 
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number of berries analysed. Triplicate results were expressed as a total score for 12 

berries for each replicate at 0, 3, 5 and 7 days post inoculation interval.  

Sample preparation, Glycerol, Gluconic acid and acetic acid levels. Each 12-berry 

replicate was homogenized separately using an Ultra-Turrax T25 tissue homogeniser 

(Jankel and Kunkel, IKA Labortechnik, Germany) for 5 minutes at room temperature 

and the samples analysed immediately. Samples were analysed for glycerol and 

gluconic acid enzymatically with Megazyme Glycerol, D-Gluconic acid and acetic acid 

kits (Megazyme International Ireland Ltd.) using a Thermo Scientific™ Arena 7 

(Thermo Scientific, Vantaa, Finland) spectrophotometric auto-analyser.  

Off-flavour compounds. Berry homogenates were accurately diluted 1:5 in ultrapure 

water. NaCl (3.0 g) was placed into each 20 mL sample vial prior to introducing 10 mL 

of sample followed by 10 µL of an internal standard mix as described previously 

(Sadoughi et al., 2015). An Agilent 7890A gas chromatograph, equipped with a fused 

silica capillary column (DB-Waxetr, 60 m × 0.25 mm id 0.25 µm film thickness, 

Agilent Technologies, Santa Clara, CA) was used for off-flavour compounds 

quantification. A DVB/CAR/PDMS SPME fibre was exposed to the vial headspace for 

min 67 at 65 ºC. The oven temperature program commenced at 40 °C for 3 minutes; 

increased to 115°C at a rate of 5 °C/min; increased to 166 °C a rate of 3 °C/min and a 

final increase to 210 °C at a rate of 10 °C/min and held for 3 min. The total run time 

was 42 min. 

Colour. The colour values (L*, a* and b*) for the berry homogenates were determined 

using a UV-1700 spectrophotometer (Shimadzu, Kyoto, Japan) equipped with CIELab. 

CIELab colour co-ordinates for a D65 illuminate and 10° observer angle were 

calculated using UVPC Color Analysis version 3.00 software.  Absorbances in the 780 

nm to 380 nm range were measured for each sample using a 2 mL cuvette. The three 

coordinates of CIELAB represent lightness (L*; 0 to 100 indicates white to black), 
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green to red (a*; negative values indicate green while positive values indicate magenta) 

and yellowness (b*; negative values indicate blue and positive values indicate yellow). 

Each analysis was performed in triplicate according to the methods described by Cliff et 

al. (2007).  

To more clearly describe the colour change during infection, the euclidean distances for 

the colour coordination were calculated using following equation; 

∆𝐸 = √(𝐿𝑖
∗ − 𝐿𝐶

∗ )2 + (𝑎𝑖
∗ − 𝑎𝐶

∗ )2 + (𝑏𝑖
∗ − 𝑏𝐶

∗ )2 

Where 𝐿𝑖
∗, 𝑎𝑖

∗ 𝑎𝑛𝑑 𝑏𝑖
∗ are L*, a* and b* values for infected berries at various post 

inoculation days and 𝐿𝐶
∗ , 𝑎𝐶

∗  𝑎𝑛𝑑 𝑏𝐶
∗  𝑎𝑟𝑒 L*, a* and b* values for control samples at 0 

day post inoculation (fresh healthy berries). 

Statistical analysis. The effect of host (V. corymbosum, V. vinifera (Chardonnay) and 

V. vinifera (Cabernet Sauvignon)), pathogen (DAR 77282, DAR 76888, DAR 32068, 

DAR 76925, DAR 77292), incubation time (0, 3, 5, 7 day post inoculation) and their 

interactions were assessed using ANOVA-ComDim on the mean centred and variance 

standardised data (Jouan-Rimbaud Bouveresse et al., 2011). In this approach variances 

associated with the experimental attributes (main effects, interactions and noise) are 

partitioned from the original data matrix to create a set of similar sized data matrices 

that characterise factors of the experiment.  The residual error is combined with each 

factor matrix and all matrices are subject to simultaneous decomposition to determine 

the underlying common components using Common Components and Specific Weights 

Analysis (Amat et al., 2010) .  This approach provides information that relates the 

relative importance, or salience, of each factor matrix to the directions of sample 

variances; and by comparing the relative importance of each partitioned factor matrix 

plus residuals with the residual matrix an estimate of the significance for each factor can 

be determined using an F-test.  Examination of the observation score plots and loadings 

enables interpretation of the relationship among the levels of each factor and 
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significance is determined by inspection of the 95 % confidence limit of the mean for 

each group of samples (Climaco Pinto et al., 2008).   

A Two-Way ANOVA was used to separate the means (P < 0.05) for the physico-

chemical data during the post inoculation period to determine the main changes. Data 

was expressed as the average of three measurements. The ANOVA-ComDim analyses 

were performed using Matlab (The Mathworks, Natick version R2012a) and the Two-

Way ANOVA (Fisher's test, P < 0.05) was completed using Minitab 16 Statistical 

Software (Minitab, State College, PA). The comparison figures were designed 

using OriginLab software (OriginLab Corporation, Northampton, Massachusetts). Zero 

was considered as the level of off-flavour compounds were not detected or were lower 

than limit of qualification. 

 

RESULTS AND DISCUSSION 

Infection score. Disease symptoms were evident in both V. vinifera and V. corymbosum 

berries three days post inoculation and increased in severity with time (Table 1). 

Control berries remained predominantly disease free, and any which showed signs of rot 

were excluded from the experiment. Some of the Chardonnay un-inoculated berries had 

a small amount of discolorations seven days after inoculation that could not be 

attributed to either Colletotrichum infection or physical damage. Despite the infection 

scores for each of the three hosts being significantly affected by isolates (P < 0.05), the 

levels of variations were small. The average infection scores at day seven for blueberry 

(11.0 ± 1.6) were less than grape berries which both varieties are equally susceptible at 

seven days post inoculation (Cabernet Sauvignon: 37.3 ± 5.4 and Chardonnay: 35.6 ± 

4.3) (Table 1). 

The lower rate of fungal infection observed in blueberries might be related to the lower 

sugar content, 15.4 ± 1.2 ºBrix compared to 18.3 ± 0.9 and 20.7 ± 1.1 ºBrix in Cabernet 
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Sauvignon and Chardonnay grape cultivars, respectively. The lower levels of dissolved 

solids in blueberries are due to their propensity to achieve physiological ripeness at a 

lower sugar concentration compared to grapes.   

The infection scores was consistently lower in all berries inoculated with DAR 77299 

(C. gloeosporioides) than in berries inoculated with C. acutatum isolates after five day 

post-inoculation. However, only one isolate of C. gloeosporioides made it impossible to 

carry out an accurate comparison of the two species of Colletotrichum.  

Grapes are  reported to be  more susceptible to Colletotrichum after the onset of 

ripening, i.e. post-veraison, when a  maturity level of  over 15 ºBrix is reached (Steel et 

al., 2007). Miles et al., (2009) also reported  that lower sugar content and lower pH 

caused an active resistance response in ripe fruit of cv. Elliott  blueberry and concluded 

that fruit composition may play a role in resistance, either directly by affecting fungal 

growth, or indirectly by modulating fungal or plant enzyme activity. The lower 

infection rate in the blueberries is probably attributed to the lower sugar concentration, 

as its pH (3.4 ± 0.2) was similar to that of the Cabernet Sauvignon (3.4 ± 0.1). 

Acetic Acid, Glycerol and gluconic acid levels. Acetic acid increased significantly in 

all inoculated berries (Table 2) and this was particularly evident by day five. 

C. gloeosporioides has been reported to produce indole-3-acetic acid from indole-3-

acetamide (Maor et al., 2004) and an increase in acetic acid levels in stored fruit and 

high level of indole-3-acetic acid in citrus flowers infected by Colletotrichum spp. has 

been previously recorded (Li et al., 2003; Prusky et al., 2000). A slightly higher acetic 

acid level in all infected berries compared to control berries was also observed after day 

five in this investigation. 

Glycerol and gluconic acid levels also remained low in un-inoculated berries with 

maximum concentrations of 0.07 and 0.10 g/L respectively.  These are largely in 

agreement with  previously published values  for healthy Palomino grapes where ranges 
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of 0.05 - 0.19 g/L for glycerol and 0.02 - 0.29 g/L for gluconic acid  are reported 

(Roldán et al., 2003).   

The ratio of glycerol to gluconic acid has been used as an indicator of  B. cinerea 

infection  (Hausinger et al., 2015) and sour rot occurrence in grapes (Zoecklein et al., 

2000), but as far as the authors are aware, these markers have not been investigated in 

relation to Colletotrichum spp. infection in either grapes or blueberries.  

Inoculated grapes berries and blueberries had higher levels of glycerol and gluconic acid 

than the corresponding control berries at the same time point post inoculation and this is 

most apparent five days post-inoculation (Table 3). In all infected berries, a more rapid 

increase in the levels of glycerol was observed than gluconic acid. The early 

development of the fungi in the anthracnose infected fruit causes a significant increase 

in glycerol level due to the degradation of glucose and fructose. As the fruit rot 

develops, gluconic acid starts to accumulate in response to oxidative stress (Roldán et 

al., 2003).  

Colour. Colour is an important characteristic of all food products as it is usually one of 

the first properties that consumers notice. In this study, colour change based on ∆E in 

inoculated Cabernet Sauvignon, Chardonnay and blueberries compared with control 

berries for the duration of the trial is illustrated in figure 2. In all inoculated berries, ∆E 

increased significantly, reflecting the colour changes post inoculation. It can be 

concluded that infection with Colletotrichum has resulted in discolouration of the 

berries towards the orange/brown spectrum. Stummer (2003) previously reported 

similar  results  with  decreasing  phenolic content and  colour degree in Cabernet 

Sauvignon berries affected by powdery mildew. The discolouration in infected fruits is 

largely attributed to oxidation of phenolic compounds by polyphenoloxidases, products 

of phyto-pathogenic fungal organisms including Colletotrichum spp. (Zhou et al., 

2015), which leads to brown, quinone-related pigments (Avallone et al., 2003) 
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Formation of off-flavours compounds. Table 4 shows the dynamics of off-flavour 

accumulation in grape berries and blueberries following inoculation with the five 

Colletotrichum isolates used in this study. The levels of the off-flavour compounds 

increased at different rates during the post inoculation period depending on the 

compound in question. The average concentration of 1-octen-3-ol was 13, 60 and 15 

fold times higher than 1-octen-3-one, geosmin and 2-methylisoborneol respectively at 

seven days post inoculation in all three berry types. This is consistent with a previous 

observation which reported that 1-octen-3-ol was the most abundant eight-carbon 

volatile compound produced by A. flavus (Miyamoto et al., 2014). During fungal 

infection, enzymes that can degrade the cell wall and destroy the plant cell structure are 

secreted.  The increase in the formation of 1-octen-3-ol in broken tissues/cells by fungal 

growth has been previously reported (Combet et al., 2009; Kermasha et al., 2002). It 

appears that the release of the cell contents facilitates the association of both the 

enzymes involved in the 1-octen-3-ol pathway and their substrates, linoleic acid and 

oxygen (Miyamoto et al., 2014).  However the enzyme(s) involved in 1-octen-3-ol 

pathway have not been identified and the formation of this compound is worthy of 

further investigation.   

The level of 1-octen-3-ol was higher in grape berries than blueberries. In all berries, 

DAR 32068 produced less 1-octen-3-ol than the other C. acutatum isolates examined at 

seven days post-inoculation. DAR 32068 was the only C. acutatum isolate that was not 

obtained from grapes or blueberries and this may explain the slower development of 

off-flavour compounds in some cases such as 1-octen-3-ol, in the other C. acutatum 

isolates on grapes. However, DAR 32068 has previously been shown to be equally 

pathogenic regarding the disease severity for grape and blueberries (Curtin, 2004) and 

based on 5.8S-ITS gene sequencing it is in the same molecular grouping as  DAR 

77282, DAR 76888 and DAR 76925 (Whitelaw-Weckert et al., 2007).  
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The concentrations of 1-octen-3-one compound were less in infected grape berries and 

blueberries inoculated with DAR 77292 (C. gloeosporioides) than in berries inoculated 

with C. acutatum isolates at seven days post-inoculation. Since only one isolate of C. 

gloeosporioides has been used in this study, it could not be concluded the C. 

gloeosporioides produced less 1-octen-3-one than C. acutatum. 

This is the first study to describe the formation of these four off-flavours compounds by 

Colletotrichum spp. in grapes and blueberries. A number of fungi including Penicillium 

and Aspergillus species have previously been reported to produce terpene compounds 

that contribute to the off-flavour of deteriorating fruit (Jeleń & Wasowicz, 1998; 

Vickers & Sabri, 2015). 2-Methylisoborneol (monoterpene) and geosmin (irregular 

sesquiterpene) are both synthesised by fungi from acetate through the mevalonate and 2-

methylerythritol pathways (Bentley & Meganathan, 1981; Jiang & Cane, 2008). 

Penicillium and Aspergillus have also been reported to emit eight-carbon alcohol and 

ketone compounds including 1-octen-3-ol and 1-octen-3-one, which contribute to 

mushroom aromas due to the oxidation and cleavage of the fatty acid linoleic acid 

(Combet et al., 2006; Jeleń & Wasowicz, 1998). The chemical composition of these 

compounds found in wines made from grapes affected with Botrytis and Colletotrichum 

has been partially investigated (Boutou & Chatonnet, 2007; Sadoughi et al., 2015) and 

the reported concentrations of 1-octen-3-one, 1-octen-3-ol, geosmin and 2-

methylisoborneol are highly correlated with wine sensory characteristics.  

Host, pathogen and inoculation period interactions. The ANOVA-ComDim (Figure 

3) was utilised to have a better comparison of developing berry rots due to different 

Colletotrichum isolates regarding four off-flavours, colour (L*, a*, b*), infection rate 

score, gluconic acid, glycerol and acetic acid levels (eleven responses) and identify the 

variables and assess the significance of the experimental factors. The loadings were 

derived from eleven responses for isolates, host and incubation period (Table 5). The 
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Critical F value is lower than all the F values for each factor including hosts, inoculation 

period, isolates and their interaction indicated that each factors and their interactions 

have significant effect on all responses (Figure 3A). Graphical representations of 

isolates, host and incubation period factors are shown in Figure 3.  The graphical 

representation of CC1/CC3, CC1/CC2 shows a differentiation of all the physico–

chemical changes such as infection score, acetic acid, colour, glycerol, gluconic acid 

content and the ability to produce off-flavours depending on the host variation 

(blueberry, Chardonnay and Cabernet Sauvignon) (Figure 3B) and days post inoculation 

(Figure 3C). This analysis suggests that the post-inoculation time and host type strongly 

influences the different level of physico-chemical changes in the ripe rot affected 

berries. The different levels of physico-chemical changes in different types of hosts 

(Cabernet Sauvignon, Chardonnay and blueberry) could be attributed to different stages 

of fruit ripening, putative defence genes and fruit composition including pH and sugar 

concentration (Miles et al., 2011; Miles et al., 2012). 

The CC1/CC5 graphical representation of for all the physico–chemical changes in 

three hosts post inoculation illustrates a similarity between the berries inoculated by five 

isolates (Figure 3D). This similarity means that physico-chemical characters such as 

glycerol, gluconic acid levels, infection score and ability to produce off-flavour 

compounds were not significantly different in the berries inoculated by different 

isolates.  

 In addition, the complete separation by non-intersecting circles on physico-

chemical data of inoculated berries and control berries in the graphical representation of 

CC1/CC5 (Figure 3D) certifies that there is a significant difference (P > 0.05) between 

physico-chemical characters of inoculated and non-inoculated berries, which is in 

agreement with individual result of each of the physico-chemical characters as 

described above. However the interaction of host* isolate of Colletotrichum (Figure 3E) 
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and host* inoculation period (Figure 3F) shows significant differences at P < 0.05 level, 

indicated by nonintersecting circles. This result is in agreement with Table 1-3, with an 

ANOVA two-way analysis, and showed some differences in berries affected by 

different isolates of Colletotrichum after five days post-inoculation. 

Comparison of formation of four off-flavour compounds with other parameters. 

To gain a better understanding of the dynamics of formation of four off-flavour 

compounds, the average of infection score, glycerol, gluconic acid, ∆E, terpenes (sum 

of geosmin and 2-methylisoborneol) and eight carbon volatiles (sum of 1-octen-3-one 

and 1-octen-3-one) produced by different isolates in each hosts are summarised in 

Figure 4. Despite the important isolate/host interactions some interesting trends were 

observed. Glycerol levels, ∆E and infection scores develop at a similar rate, with a rapid 

increase particularly noticeable between the third and fifth day in Cabernet Sauvignon 

and Chardonnay (Figure 4). ∆E and infection scores had a rapid increase between the 

third and fifth day post-inoculation in blueberries. In contrast, the formation of gluconic 

acid and off-flavour compounds is relatively slower, with the greatest accumulation 

occuring after five days post inoculation in all berries. These results suggested that off-

flavour formation and gluconic acid had a noticeable increase at later stages of fungal 

growth compared to glycerol and ∆E. It has been reported previously that eight-carbon 

volatiles are secondary metabolites biosynthesised by P. expansum when grown on 

potato dextrose agar medium during transition from either the exponential phase to 

stationary, or in the stationary phase (Okull et al., 2003).  

These results provide the possibility of using infection scores and ∆E changes in 

blueberry and grapes as tools to monitor the developmental stage of berry rots due to 

Colletotrichum species. The measurement of these parameters appears to be particularly 

valuable as they occur prior to off-flavour formation. As gluconic acid levels develop at 

a similar rate to off-flavour compounds, it is suggested that when an increase in 
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gluconic acid levels has been observed, selective removal of fruit affected by ripe rot 

may be required. This observation is recognised as being limited, as glycerol and 

gluconic acid level fluctuations are by no means unique to C. acutatum infected grapes. 

Glycerol and gluconic acid can be produced by other microbes associated with grapes 

including B. cinerea and A. niger and acetic acid bacteria such as 

Gluconobacteroxydans  (Hausinger et al., 2015). Future investigations are required to 

develop this study demonstrates on the capacity of screening fruit easily prior to the 

formation of unwanted off-flavours. This would provide the opportunity to help 

eliminate fungal-affected fruit from a number of food and wine processes. 

 

CONCLUSION 

In this study, the development of ripe rots were assessed through off-flavour formation, 

glycerol and gluconic acid levels, ∆E, acetic acid, colour and infection score in 

inoculated grapes and blueberries. The development of disease was strongly 

characterised by infection period and host. For the first time, the concentrations of 1-

octen-3-one, 1-octen-3-ol, geosmin and 2-methylisoborneol in Chardonnay, Cabernet 

Sauvignon and blueberries inoculated with Colletotrichum spp. have been reported. The 

levels of these compounds have also been compared with glycerol and gluconic acid 

levels, ∆E, colour and infection score. Different stages Colletotrichum infection could 

be indicated by the different levels of these parameters. The results of this study suggest 

that the glycerol and gluconic acid levels not only can be used as an indicator of the 

development stage of Colletotrichum, but in conjunction with the ∆E, may help 

establish deleterious ripe rot infection rates prior to main off-flavour formation. An 

increased understanding of ripe rot development may lead to methods that monitor and 

quantify the infection, which subsequently would allow infected fruit to be removed 

before serious damage resulted.  
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Table 1:  Infection score in ripe rot affected berries with five isolates of Colletotrichum 

at post inoculation days.  

Host  Blueberry 
Cabernet 

Sauvignon 
Chardonnay 

Post days 

Inoculation 
Isolates 

Infection 

Score 

Infection 

Score 
Infection Score 

Day 0 DAR 77282 0.0 ± 0.0i 0.0 ± 0.0g 0. 0 ± 0.0h 

DAR 76888 0.0 ± 0.0i 0.0 ± 0.0g 0. 0 ± 0.0h 

DAR 32068 0.0 ± 0.0i 0.0 ± 0.0g 0. 0 ± 0.0h 

DAR 76925 0.0 ± 0.0i 0.0 ± 0.0g 0. 0 ± 0.0h 

DAR 77292 0.0 ± 0.0i 0.0 ± 0.0g 0. 0 ± 0.0h 

Control 0.0 ± 0.0i 0.0 ± 0.0g 0. 0 ± 0.0h 

Day 3 DAR 77282 1.7 ± 0.6gh 5.0 ± 1.0fg 6. 7 ± 0.6ef 

DAR 76888 2.7 ± 0.6fgh 10.3 ± 1.1e 6. 0 ± 2.0f 

DAR 32068 3.0 ± 1.0fg 11.0 ± 1.0e 8. 3 ± 0.6ef 

DAR 76925 4.0 ± 1.0f 8.0 ± 1.0ef 8. 0 ± 1.0ef 

DAR 77292 2. 7 ± 0.6fgh 7.0 ± 0.6ef 10. 0 ± 2.0de 

Control 0.0 ± 0.0i 1.3 ± 0.6g 2. 0 ± 0.0gh 

Day 5 DAR 77282 11.0 ± 1.0cd 39.0 ± 6.2bc 36. 0 ± 2.0b 

DAR 76888 13.3 ± 1.6ab 42.0 ± 1.5ab 35. 0 ± 2.0b 

DAR 32068 13.0 ± 1.0ab 35.0 ± 3.1c 42. 0 ± 2.0a 

DAR 76925 12.0 ± 1.0bc 38.0 ± 2.6bc 43. 7 ± 2.1a 

DAR 77292 8.2 ± 1.5e 30.0 ± 2.0d 28. 0 ± 3.0c 

Control 0.0 ± 0.0F 3.3 ± 0.6fg 4. 7 ± 0.6fg 

Day 7 DAR 77282 11.0 ± 1.0cd 44.3 ± 3.5a 40. 0 ± 5.0a 

DAR 76888 13.3 ± 0.6ab 44.7 ± 7.0a 42. 3 ± 4.5a 

DAR 32068 14.3 ±2.1a 40.3 ± 4.5abc 40. 3 ± 4.5a 

DAR 76925 12.3 ± 2.5bc 44.0 ± 7.5a 42. 3 ± 4.0a 

DAR 77292 10.0 ± 1.0d 38.0 ± 6.5bc 35. 0 ± 4.0b 

Control 1.3 ±0.6hi 3.7 ± 0.6fg 12. 3 ± 0.6d 

Note:  Mean values within each column followed by different superscript capital letters 

(a, b, c, etc.) are significantly different at P < 0.05. 
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Table 2:  Acetic acid in ripe rot affected berries with five isolates of Colletotrichum at 

post inoculation days.  

Host  Blueberry 
Cabernet 

Sauvignon 
Chardonnay 

Post days 

Inoculation 
Isolates 

Acetic acid 

(g/L) 

Acetic acid 

(g/L) 

Acetic acid 

(g/L) 

Day 0 DAR 77282 0.08 ± 0.04e 0.07 ± 0.00d 0. 04 ± 0.0d 

DAR 76888 0.08 ± 0.04e 0.07 ± 0.00d 0. 04 ± 0.0d 

DAR 32068 0.08 ± 0.04e 0.07 ± 0.00d 0. 04 ± 0.0d 

DAR 76925 0.08 ± 0.04e 0.07 ± 0.00d 0. 04 ± 0.0d 

DAR 77292 0.08 ± 0.04e 0.07 ± 0.00d 0. 04 ± 0.0d 

Control 0.08 ± 0.04e 0.07 ± 0.00d 0. 04 ± 0.0d 

Day 3 DAR 77282 0.07 ± 0.01e 0.07 ± 0.00d 0. 05 ± 0.02d 

DAR 76888 0.07 ± 0.02e 0.07 ± 0.00d 0. 04 ± 0.00d 

DAR 32068 0.07 ± 0.03e 0.07 ± 0.00d 0. 04 ± 0.00d 

DAR 76925 0.0 7± 0.03e 0.07 ± 0.00d 0. 04 ± 0.01d 

DAR 77292 0.07 ± 0.03e 0.07 ± 0.00d 0. 04 ± 0.00d 

Control 0.07 ± 0.03e 0.07 ± 0.00d 0. 05 ± 0.01d 

Day 5 DAR 77282 0.20 ± 0.01d 0.14 ± 0.02bc 0. 09 ± 0.04cd 

DAR 76888 0.15 ± 0.01d 0.14 ± 0.03b 0. 13 ± 0.15bcd 

DAR 32068 0.25 ± 0.01c 0.15 ± 0.02b 0. 21 ± 0.08abc 

DAR 76925 0.31 ± 0.02a 0.15 ± 0.01b 0. 22 ± 0.03ab 

DAR 77292 0.20 ± 0.02d 0.14 ± 0.01b 0. 24 ± 0.03ab 

Control 0.10 ± 0.01e 0.10 ± 0.05cd 0. 05 ± 0.02d 

Day 7 DAR 77282 0.20 ± 0.02d 0.13  ± 0.03b 0. 27 ± 0.08a 

DAR 76888 0.20 ± 0.06d 0.14 ± 0.01b 0. 27 ± 0.07a 

DAR 32068 0.27 ± 0.02bc 0.15 ± 0.08b 0. 24 ± 0.01ab 

DAR 76925 0.27 ± 0.02bc 0.31 ± 0.02a 0. 23 ± 0.01ab 

DAR 77292 0.32 ± 0.02a 0.27 ± 0.01a 0. 24 ± 0.03ab 

Control 0.10 ± 0.07e 0.08 ± 0.01d 0. 05 ± 0.01d 

Note: Mean values within each column followed by different superscript capital letters 

(a, b, c, etc.) are significantly different at P < 0.05. 
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Table 3: Glycerol and Gluconic acid in ripe rot affected berries with five isolates of Colletotrichum at post inoculation days. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Mean values within each column followed by different superscript capital letters (a, b, c, etc.) are significantly different at P < 0.05. 

Host  Blueberry Cabernet Sauvignon Chardonnay  

Post days 

Inoculation 
Isolates 

Glycerol 

(g/L) 

Gluconic acid 

 (g/L) 

Glycerol 

(g/L) 

Gluconic acid 

 (g/L) 

Glycerol 

(g/L) 

Gluconic 

acid (g/L) 

Day 0 DAR 77282 0.07 ± 0.00g 0.10 ± 0.00g 0.07 ± 0.00f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 76888 0.07 ± 0.00g 0.10 ± 0.00g 0.07 ± 0.00f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 32068 0.07 ± 0.00g 0.10 ± 0.00g 0.07 ± 0.00f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 76925 0.07 ± 0.00g 0.10 ± 0.00g 0.07 ± 0.00f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 77292 0.07 ± 0.00g 0.10 ± 0.00g 0.07 ± 0.00f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

Control 0.07 ± 0.00g 0.10 ± 0.00g 0.07 ± 0.00f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

Day 3 DAR 77282 0.07 ± 0.00g 0.10 ± 0.00g 0.09 ± 0.03f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 76888 0.07 ± 0.00g 0.10 ± 0.00g 0.09 ± 0.04f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 32068 0.07 ± 0.00g 0.10 ± 0.00g 0.09 ± 0.03f 0.11 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

DAR 76925 0.07 ± 0.00g 0.17 ± 0.00de 0.07 ± 0.00f 0.13 ± 0.01cd 0.07 ± 0.00e 0.10± 0.00c 

DAR 77292 0.07 ± 0.00g 0.10 ± 0.07g 0.07 ± 0.00f 0.13 ± 0.01cd 0.07 ± 0.00e 0.10± 0.00c 

Control 0.07 ± 0.00g 0.10 ± 0.00g 0.08 ± 0.01f 0.10 ± 0.00d 0.07 ± 0.00e 0.10± 0.00c 

Day 5 DAR 77282 0.21 ± 0.0cd 0.15± 0.02ef 0.27 ± 0.01c 0.10 ± 0.01d 0.22 ± 0.05bc 0.12 ± 0.01c 

DAR 76888 0.17 ± 0.0ef 0.12 ± 0.01DE 0.27 ± 0.03c 0.11 ± 0.01d 0.19± 0.04c 0.12± 0.01c 

DAR 32068 0.20 ± 0.1de 0.17 ± 0.01de 0.21 ± 0.05d 0.11 ± 0.01d 0.19 ± 0.02c 0.11 ± 0.04c 

DAR 76925 0.17 ± 0.0ef 0.17± 0.02de 0.29 ± 0.02bc 0.12 ± 0.01d 0.24 ± 0.03b 0.12 ± 0.01c 

DAR 77292 0.17 ± 0.2ef 0.12 ± 0.03fg 0.23 ± 0.01d 0.11 ± 0.01d 0.28 ± 0.03a 0.12± 0.02c 

Control 0.07 ± 0.0g 0.10 ± 0.00g 0.07 ± 0.0f 0.10 ± 0.01d 0. 07 ± 0.03e 0.10 ± 0.01c 

Day 7 DAR 77282 0.32 ± 0.1a 0.26 ± 0.05b 0.28 ± 0.04bc 0.16 ± 0.01bcd 0.28 ± 0.01a 0.15 ± 0.01bc 

DAR 76888 0.24 ± 0.0c 0.30 ± 0.01cd 0.36 ± 0.02a 0.19 ± 0.01b 0.28 ± 0.02a 0.16 ± 0.01bc 

DAR 32068 0.29 ± 0.1ab 0.21 ± 0.02bc 0.38 ± 0.00a 0.18 ± 0.01bc 0.28± 0.02a 0.19± 0.01abc 

DAR 76925 0.25 ± 0.1bc 0.25 ± 0.05b 0.31 ± 0.01b 0.31 ± 0.06a 0.28± 0.03a 0.27 ± 0.09a 

DAR 77292 0.25 ± 0.1bc 0.29 ± 0.0a 0.28 ± 0.03bc 0.30 ± 0.01a 0.29± 0.02a 0.23 ± 0.05ab 

Control 0.13 ±0.2f 0.10 ± 0.00E 0.17 ± 0.01e 0.10 ± 0.01d 0. 12 ± 0.01d 0.10 ± 0.01c 
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Table 4: 1-Octen-3-one, 1-ocetn 3-ol, 2-methylisoborneol an geosmin in ripe rot affected Blueberry, Cabernet Sauvignon and Chardonnay with five 

different isolates of Colletotrichum at post inoculation days. 

1-Octen-3-one in blueberry (ng/L)   

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Con Ca1 Ca2 Ca3 Ca4 Cg Con Ca1 Ca2 Ca3 Ca4 Cg Con Ca1 Ca2 Ca3 Ca4 Cg Con 

ND 

cA 

ND 

cA 

ND 

cA 

ND 

cA 

ND 

cA 

ND 

cA 

ND 

cB 

ND 

cB 

ND 

cB 

ND 

cC 

ND 

cB 

ND 

cA 

53± 

10 

bcB 

55± 

1 

bcB 

36± 

3 

bcB 

63± 

11 

bcB 

45± 

9 

cA 

ND 

cB 

193± 

71 

aC 

91± 

16 

bC 

233

± 75 

aA 

85± 10 

bB 

43± 

6 

bcA 

<LO

Q 

cB 

1-Octen-3-one in Cabernet Sauvignon (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Con Ca1 Ca2 Ca3 Ca4 Cg Con Ca1 Ca2 Ca3 Ca4 Cg Con Ca1 Ca2 Ca3 Ca4 Cg Con 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hB 

ND 

hB 
ND 

hB 
52 ± 
7 

ghA 

45 ± 
9 

ghiA 

ND 

hA 
118
± 54 

cdeA 

103
± 17 

def
A 

85± 
22 

efgA 

160± 
16 

cA 

50± 
10 

gh
A 

10 ± 
5 

hiA 

390± 
40 

aA 

367
± 23 

aB 

142
± 2 

8 

cdA 

285± 
34 

bA 

70± 
21 

fgA 

15 ± 9 

hiA 

1-Octen-3-one in Chardonnay (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 

ND 
eA 

ND 
eA 

ND 
eA 

ND 
eA 

ND 
eA 

ND 
eA 

21 ± 
3 

deA 

52 ± 
46 

deA 

62 ± 
19 

deA 

27 ± 
17 

deB 

42 ± 
3 

deA 

ND 

eA 

57± 
10 

deB 

93± 
19 

cdeA 

73± 
20 

cde

A 

65± 
21 

deB 

58± 
8 

deA 

ND 

fB 

257± 
49 

bB 

492
± 60 

aA 

166
± 28 

bcA 

106± 
36 

cdB 

65± 
5 

deA 

ND 

fB 

1-Octen-3-ol in blueberry (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 

ND 

iA 
ND 

iA 
ND 

iA 
ND 

iA 
ND 

iA 
ND 

iA 
ND 

iC 
ND 

iB 
ND 

iB 
25 ± 

5 
hiC 

ND 

iB 
ND 

iA 
936 

± 55 
dB 

105 

± 3 
ghC 

86 

± 3 
ghiC 

170 ± 

9 gC 
57 

± 3 
hiB 

ND 

iA 
1683 

± 158 

bC 

695 

± 66 

eC 

541 

± 45 
eC 

2353 ± 

3 

aB 

806 

± 181 

cB 

22 ± 

10  
hiA 

1-Octen-3-ol in Cabernet Sauvignon (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 

ND 

jA 
ND 

jA 
ND 

jA 
ND 

jA 
ND 

jA 
ND 

jA 
203 

± 20 

iB 

ND 

jB 
55 ± 

5 

ijA 

155 

± 9 

ijB 

ND 

jB 
ND 

jA 
1446 

± 97 

fA 

1733 

± 

103e
A 

747 

± 33 

hA 

1055 

± 65 

gA 

754 

± 

50 

hA 

ND 

jA 
4313± 

46 

aB 

3756 

± 244 

bB 

2608 

± 260 

dB 

3396 ± 

328 

cA 

1096 

± 145 

gB 

ND 

iA 
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1-Octen-3-ol in Chardonnay (ng/L) 

Day 0 Day 3 Day 5 Day 7th 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hA 

ND 
hA 

315 
± 15 

gA 

81 ± 
10 

hA 

68 ± 
7 

hA 

663 
± 1 

fA 

60 ± 
10 

hA 

ND 
hA 

788 
± 86 

fB 

105
5 ± 

0 

eB 

161 
± 20 

ghB 

851 ± 
46 

efB 

639 
± 

40 

fA 

ND 

hA 
5808 

± 237 

bA 

6195 

± 80 

aA 

3738 
± 81 

cA 

3740 ± 
113 

cA 

1495 
± 9 

dA 

ND 
iA 

Geosmin in blueberry (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 
ND 

iA 
ND 

iA 
ND 

iA 
ND 

iA 
ND 

iA 
ND 

iA 
11 ± 

4 fgA 
6 ± 

2 
ghA 

7 ± 

2 
ghA 

7 ± 

3 
ghA 

10 ± 3 

fgA 
7 ± 

4 
ghA 

16 ± 

0 
eA 

14 ± 1 

efA 
15 ± 

0 ef 

A 

17 ± 

3 eA 
18 ± 

0 eA 
<LO

Q 
iB 

22 ± 0 

dB 
39 ± 

8 aA 
37 ± 
3 

abA 

33 ± 3 

bcA 
25 ± 

3 dA 
6 ± 1 

ghA 

Geosmin in Cabernet Sauvignon (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 
ND 
gA 

ND 
gA 

ND 
gA 

ND 
gA 

3 ± 
3 

fgA 

ND 
gA 

6 ± 
2 

efg

A 

6 ± 
1 

efgA 

9 ± 
1 

defA 

6 ± 
1 

efgA 

8 ± 
2 

defA 

ND 
gA 

14 ± 
3 

cdA 

20 ± 
8 

cA 

20 ± 
5 cA 

13 ± 
3 

cdA 

13 
± 3 

cdA 

<LO
Q 

gB 

55 ± 4 
aA 

57 ± 
6 aA 

48 ± 
8 bA 

41 ± 8 
bA 

48 ± 
8 

bA 

5 ± 1 
fgA 

Geosmin in Chardonnay (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 
ND 

fA 
ND 

fA 
ND 

fA 
ND 

fA 
ND 

fA 
ND 

fA 
6 ± 

1 
eA 

7 ± 

3 eA 
8 ± 

4 eA 
ND 

fB 
1ND 

eA 
ND 

fA 
17 ± 

3 
dA 

21 ± 

2 
dA 

20 ± 

5 dA 
20 ± 

4 dA 
19 ± 

5 dA 
6 ± 

2 eA 
27 ± 5 

cB 
46 ± 

5 aA 
46 ± 

3 aA 
39 ± 7 

bA 
36 ± 

6 bA 
7 ± 2 

eA 

Methylisoborneol  in blueberry (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 
ND 

gA 
ND 

gA 
ND 

gA 
ND 

gA 
ND 

gA 
ND 

gA 
61 ± 

6 
fA 

100 

± 10 

cdeA 

65 ± 

14 
fA 

67 ± 

14 
fA 

72 ± 

6 
efA 

8 ± 

1 
gA 

99 ± 

17 
cdeA 

120 ± 

18 
bcdA 

116 

± 18 
bcd

A 

133  

± 8 
bA 

88 ± 

13 
defA 

5 ± 

2 gA 
168 ± 

16 

aA 

168 

± 15 
aB 

178 

± 62 

aB 

163 ± 

12 

aB 

113 

± 23 
bcd

A 

<LO

Q 

 

gA 
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Methylisoborneol in Cabernet Sauvignon (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 
ND 
jA 

ND 
jA 

ND 
jA 

ND 
jA 

ND 
jA 

ND 
jA 

ND 
jB 

30 ± 
3 

iB 

3ND 
iB 

32 ± 
5 

iB 

ND 
jB 

ND 
jA 

30 ± 8 
iC 

113 ± 
15 fA 

128 
± 3 

fA 

87 ± 
3 gB 

62 
± 3 

hB 

ND 
jA 

209 ± 
27 dA 

690 
± 13 

aA 

300 
± 50 

cA 

355 ± 
18 

bA 

152 
± 8 

eA 

ND 
jA 

Methylisoborneol in Chardonnay (ng/L) 

Day 0 Day 3 Day 5 Day 7 
Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co Ca1 Ca2 Ca3 Ca4 Cg Co 
ND 

eA 
ND 

eA 
ND 

eA 
ND 

eA 
ND 

eA 
ND 

eA 
ND 

eB 
ND 

eC 
ND 

eC 
ND 

eC 
ND 

eB 
ND 

eA 
56 ± 4 

bB 
12 ± 3 

deB 
 

36 ± 3 

bcd

B 

12 ± 

3 

deC 

17 ±    

11 

cdeC 

ND 

fA 
90 ± 

23 

aB 

45 ± 

13 

bcC 

55 ± 

2 

bC 

45 ± 

14 

bcC 

55 ± 

9 bB 
ND 

fA 
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Table 5: Block index and factor/treatment identification for AComDim analysis of data 

sets for Figures 3. 

 

Block Index  Factor/Treatment 

CC3 Block 1 Factor “Host”+ Residuals matrix 

CC2 Block 2 Factor “Inoculation Period”+ Residuals matrix 

CC5 Block 3 Factor “Isolate of Colletotrichum”+ Residuals matrix 

CC7 Block 4 Factor “Host* Inoculation Period”+ Residuals matrix 

CC4 Block 5 Factor “Host* Isolate of Colletotrichum”+ Residuals matrix 

CC6 Block 6 Factor “Isolate of Colletotrichum * Inoculation Period”+ Residuals 

matrix 

CC8 Block 7 Factor “Host* Inoculation Period *Isolate of Colletotrichum”+ 

Residuals matrix 

CC1 Block 8 Residuals matrix 
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Figure 1: Four point infection score of ripe rot infected berries at various post inoculation 

days. (score 0 is represented no visible signs of ripe rot and scores of 1, 2, 3, and 4 are 

respectively equivalent with skin softening, browning, mycelia growth and the presence of 

sporulation).  

A) Vaccinium corymbosum; B) Vitis vinifera (cv Cabernet Sauvignon); C) Vitis vinifera 

(cv Chardonnay).  

 

 

 



 
 

128 
 

 

Figure 2: ∆E changes in ripe rot infected berries at various post infection days compare 

with Cabernet Sauvignon at 0 day. A) Vaccinium corymbosum; B) Vitis vinifera (cv 

Cabernet Sauvignon); C Vitis vinifera (cv Chardonnay).  

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0CBwQFjAA&url=https%3A%2F%2Fwww.danmurphys.com.au%2Fliquor-library%2Fwine%2Fvarieties%2Fcabernet-sauvignon&ei=7JDhU62CE8_o8AXuxIJ4&usg=AFQjCNEptDd-5bcXG3kQHK6xI4_FcpL_ww&sig2=nwEMDLuRbbwRxjb7VUObuA&bvm=bv.72197243,d.dGc


 
 

129 
 



 
 

130 
 

 



 
 

131 
 

Figure 3:  

A) F-value and Critical F-value for each factors including hosts, inoculation period, 

isolates and their interaction.  

 

B) Physico-chemical changes of ripe rot affected fruit at different hosts; 1: 

Chardonnay, 2: Cabernet Sauvignon and 3: blueberry.  

 

C) Physico-chemical changes of ripe rot affected blueberry, Cabernet Sauvignon and 

Chardonnay at various post inoculation days; 1: Day 0, 2: Day 3, 3: Day 5, 4: Day 7. A 

significant differences at P < 0.05 level indicated by non-intersecting circles. Key for color 

code provided for PCA. 

 

D) Physico-chemical changes of ripe rot affected blueberry, Cabernet Sauvignon and 

Chardonnay with different isolates of Colletotrichum during post inoculation.  

1: DAR 77282 (C. acutatum), 2: DAR 76888 (C. acutatum), 3: DAR 32068 (C. acutatum),  

4: DAR 76925 (C. acutatum), 5: DAR 77292 (C. gloeosporioides), 6: Control. 

 

E) Physico-chemical changes of ripe rot affected blueberry, Cabernet Sauvignon and 

Chardonnay at diffrent post inoculation inoculation regardless of isolates of Colletotrichum.  

1: Blueberry at day 0, 2: Blueberry at day 3, 3: Blueberry at day 5, 4: Blueberry at day 7, 5: 

Cabernet sauvignon at day 0, 6: Cabernet sauvignon at day 3, 7: Cabernet sauvignon at day 

5, 8: Cabernet sauvignon at day 7, 9: Chardonnay at day 0, 10: Chardonnay at day 3, 11: 

Chardonnay at day 5, 12: Chardonnay at day 7. 

 

F) Physico-chemical changes of ripe rot affected berries with different isolates of 

Colletotrichum at diffrent post inoculation regardless of berries type.  

1: DAR 77282 at day 0, 2: DAR 77282 at day 3, 3: DAR 77282 at day 5, 4: DAR 77282 at 

day 7, 5: DAR 76888 at day 0, 6: DAR 76888 at day 3, 7: DAR 76888 at day 5, 8: DAR 

76888 at day 7, 9: DAR 32068 at day 0, 10: DAR 32068 at day 3, 11: DAR 32068 at day 5, 

12: DAR 32068 at day 7, 13: DAR 76888 at day 0; 14: DAR 76888 at day 3, 15: DAR 

76888 at day 5, 16: DAR 76888 at day 7, 17: DAR 77292 at day 0, 18: DAR 77292 at day 

3, 19: DAR 77292 at day 5, 20: DAR 77292 at day 7, 21:  Control at day 0, 22:  Control 

at day 3, 23: Control at day 5, 24: Control at day 7. 
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Figure 4: Comparison between developing infection score, colour changes, glycerol, 

gluconic acid and originate of off-flavour compounds during post infection days in ripe rot 

infected berries. A) Vaccinium corymbosum; B) Vitis vinifera (cv Cabernet Sauvignon); C) 

Vitis vinifera (cv Chardonnay).  
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CHAPTER V 

Influence of Water Activity and Nitrogen Availability on Off-Flavour 

Compounds Formation by Colletotrichum acutatum and C. gloeosporioides 

In preparation, International Journal of Food Microbiology, 2016 

 

 

ABSTRACT 

Colletotrichum acutatum and C. gloeosporioides, two fungal species involved in ripe rot 

disease of grapes, are known to lead to the formation of off- flavour compounds in grapes 

and in wine made from infected grapes.  

The effects of water activity and nitrogen availability on the formation of four compounds 

(geosmin, 2-methyisoborneol, 1-octen-3-one and 1-octen-3-ol ) associated with off-flavours 

in grapes infected with Colletotrichum spp. (ripe rot) were investigated. Nine synthetic 

grape culture media with different levels of water activity (95, 96.5, and 98 %) and nitrogen 

concentrations (0.005, 0.05 and 0.5 g/L) were used to grow C. acutatum and C. 

gloeosporioides in a Box Behnken designed experiment.  The levels off-flavour compounds 

measured using HS-SPME GC-MS ten days post-inoculation. 

AComDim was used to determine the effect of water activity, nitrogen and their interaction 

on concentration of these off-flavour compounds per gram dry weight of fungal biomass. 

Levels of 1-octen-3-one, 1-octen-3-ol, 2-methyisoborneol, geosmin and total mass 

increased when the level of water activity in culture was increased from 95 % to 98 %. An 

increased nitrogen content, from 0.005 g/L to 0.5 g/L, in the cultures caused an increase in 

geosmin and 2-methyisoborneol levels but did not have a significant effect on the formation 

1-octen-3-one, 1-octen-3-ol  or  total fungal biomass. 
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Keywords: Synthetic culture media, chemometrics, fungal off-flavour, eight carbon 

compounds, Vitis vinifera, wine, ripe rot, bunch rot. 

 

 

INTRODUCTION  

Grapes are one of the main horticultural crops in Australia with 1.76 million tonnes 

produced per annum (Australian Bureau of Statistics, 2012). Grapes are prone to a number 

of fungal berry diseases collectively referred to as bunch rots (Steel et al., 2013). These 

include Botrytis  cinerea grey mould, various rots due to Penicillium and Aspergillus 

species, and ripe rot caused by two species of Colletotrichum, C. acutatum and C. 

gloeosporioides (Steel et al., 2011; Tello et al., 2015; Wilcox et al., 2015; Williamson et al., 

2007). Aside from yield losses, the metabolic activities of these fungi result in the 

formation of unwanted flavours and aromas in grapes which subsequently impact on wine 

quality when infected grapes are fermented (Steel et al., 2013). Fungi commonly produce 

volatile compounds as they start colonising nutrient-rich substrates (Kaminski et al., 1972; 

Kaminski et al., 1974). A range of in vitro studies have been carried out to determine the 

types of volatiles produced by spoilage fungi  including  Aspergillus, Penicillium, 

Eurotium, Alternaria and Fusarium species (Kaminski et al., 1974). The production of 

geosmin, 2-methylisoborneol, 1-octen-3-ol and 1-octen-3-one have been reported as being  

responsible for off-flavours in wines that had  been produced by grapes infected with a 

number of fungal diseases including grey mould (B. cinerea) (La Guerche et al., 2007; 

Morales-Valle et al., 2011), Penicillium rot species (Behr et al., 2014; Diguta et al., 2006; 

La Guerche et al., 2005; Mattheis & Roberts, 1992) and ripe rot (Colletotrichum spp.) 

(Sadoughi et al., 2015).  
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The chemical compositions of the fruit (e.g. acidity, nitrogen and sugar) influence host 

susceptibility to Colletotrichum spp. (Miles et al., 2009; Stefanelli et al., 2010)). The fungi 

responsible for ripe rot infect mature fruit close to harvest (Greer et al., 2011; Meunier & 

Steel, 2009; Steel et al., 2011). Although increasing sugar concentration close to harvest 

leads to greater berry susceptibility (Steel et al., 2007), the influence of nitrogen 

concentrations and water activity on off flavour compound production have not been 

reported previously. These two parameters were selected for the current study as both are 

likely to influence fungal disease severity (Mengel et al., 2001; Ochoa & Uhart, 2006) and 

their involvement in off-flavour formation by Ascomycetes, Penicillium and Aspergillus has 

been reported previously in vitro (Bentley & Meganathan, 1981; Combet et al., 2006; Wu 

et al., 1991).  

Limiting water activity is a common practice for safe storage of food products for health 

and spoilage reasons (Mugnier & Jung, 1985).  A lower water activity limits the free 

(unbound) water that is available for use by microorganisms and determines the potential 

for spore germination and growth of fungal propagules on the fruit (Kabara, 1997; Troller 

& Christian, 1978). The optimal water activity for most fungi growth ranges from 96 to 98 

% (Lasram et al., 2010). In vitro studies have shown that growth, spore germination and 

germ tube length of postharvest pathogens such as Penicillium verrucosum , P. 

digitatum, P. italicum, Geotrichum candidum,  Aspergillus carbonarius,  A. 

ochraceus and A. niger, are highly influenced by water activity (Gougouli & 

Koutsoumanis, 2010; Pardo et al., 2004; Ramos et al., 1998). The influence of water 

activity on ochratoxin A production, another indicator for fungal infection in grapes and 

wine, in A. carbonarius and A. niger has been reported (Leong et al., 2006; Magan et al., 

2010). Growth and ochratoxin A production by A. carbonarius were significantly inhibited 
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with a decrease of water activity. Whereas for A. niger, greatest ochratoxin A production 

occurred at 95 % water activity. 

The growth and sporulation of fungi vary depending on the source of nitrogen, which could 

be in such forms as nitrate, ammonium or organic nitrogen (Tandon & Grewal, 1956). 

Although, no influence of different nitrogen sources on production of ochratoxin A by A. 

carbonarius and A. niger has been detected (Medina et al., 2008). Nitrogen also has a 

significant potential to influence overall vine growth, morphology, and tissue composition 

(Wade et al., 2004). Nitrogen supply can often increase susceptibility of plants to diseases 

(Snoeijers et al., 2000), for example in grapevines, excessive nitrogen leads to bigger, 

denser canopies which affects the micro climate leading to a greater incidence of botrytis 

bunch rot (Valdés-Gómez et al., 2008).    

This study focused on the effect of varying nitrogen and water activity levels on formation 

of four main off-flavour compounds by C. acutatum and C. gloeosporioides, in vitro.  

MATERIALS AND METHODS 

Chemicals. D-(+)-Glucose, D-(−)-Fructose, L-(+)-Tartaric acid, L-(−)-Malic acid, (NH4)2 

PO4, KH2PO4, MgSO4.7H2O, NaCl, CaCl2, CuCl2, FeSO4.7H2O, ZnSO4 and (+)-Catechin, 

NaOH, 1-octen-3-one, 1-octen-3-ol, 2-methylisoborneol, geosmin, methyl-isobutyl-ketone, 

2-octanol and geosmin-d3 were obtained from Sigma-Aldrich  (Baulkham Hills, NSW, 

Australia). 2-methyl-d3-isoborneol was obtained from CDN isotope (Quebec, Canada). 

Purified water was obtained from a Milli-Q Academic (Millipore) water system. All other 

reagents were obtained from Sigma- Aldrich. 

Fungal isolates. Studies on the biology of Colletotrichum spp. were carried out using 

isolates DAR 77282, DAR 76888, DAR 32068, DAR 76925 species of C. acutatum and 
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DAR 77292, DAR 77289, DAR 77297, DAR 77300 species of C. gloeosporioides. DAR 

77292, DAR 77289, DAR 77297, DAR 77300, DAR 77282 and  DAR 76888 isolates were 

obtained from grapevines located in subtropical regions of Australia using the methods of 

isolation as previously described by Steel et al. (2011). DAR 76925 and DAR 32068 were 

obtained from blueberries and strawberries in NSW, Australia.  

Synthetic grape juice medium. Synthetic grape juice medium containing 70 g/L D-(+)-

glucose, 30 g/L d-(−)-fructose, 7 g/L l-(+)-tartaric acid, 10 g/L l-(−)-malic acid, 1.5 g/L 

KH2PO4, 1.5 g/L MgSO4.7H20, 0.15 g/L NaCl, 0.15 g/L CaCl2, 0.0015 g/L CuCl2, 

0.021 g/L FeSO4.7H2O, 0.0075 g/L ZnSO4 and 0.05 g/L (+)-catechin, with pH adjusted to 

3.8 using 10 M NaOH were prepared as previously described  (Leong et al., 2006). 

The water activity of synthetic grape juice has been reported as 98 % (Leong et al., 2006). 

To generate water activities of 96.5 % and 95 %, glycerol was added at 54.64  and 

108.21 g/L respectively (Leong et al., 2006). To obtain nitrogen levels of 0.005, 0.05 and 

0.5, (NH4)2HPO4 was added at 0.024, 0.24 and 2.4 g/L respectively. Culture media were 

made up to 1 Litre using distilled water and then sterilised by autoclaving at 100 °C for 

30 minutes. 

Sample preparation. The eight isolates of the Colletotrichum species were inoculated onto 

potato dextrose agar (PDA) plates at 22-25 °C for 5 - 7 days to induce sporulation. Spore 

suspensions were prepared in sterile distilled water by dislodging spores from the surface of 

a culture growing on PDA. Spore concentration was determined using a haemocytometer 

and the concentration adjusted to 106 spores per mL, using sterile distilled water. Fifty mL 

aliquots of synthetic grape juice were pipetted into 250 mL Schott glass bottles and 
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inoculated with 1 mL of spore suspension with three replicates for each isolate. The 

inoculated glass bottles were incubated at 25°C for ten days. 

GS/MS Analysis. An Agilent 7890A gas chromatograph, equipped with a fused silica 

capillary column (DB-Waxetr, 60 m × 0.25 mm id 0.25 µm film thickness, 

Agilent Technologies, Santa Clara, CA) was used for the quantification of off-flavour 

compounds (Sadoughi et al, 2015).  

Samples for GC/MS analysis, comprising of both culture and biomass including spores and 

mycelium, were prepared. Two grams of either culture media or biomass, was weighed and 

placed into 20 mL vials.  These were accurately diluted 1:5 with ultrapure water and 10 µL 

of an internal standard added and mixed as described previously (Sadoughi et al, 2015). A 

DVB/CAR/PDMS SPME fibre was exposed to the vial headspace for 67 minutes at 65 ºC. 

The injector block was fitted with a 2 mm internal diameter borosilicate liner (Agilent) and 

the injector temperature set to 260°C in splitless mode. The oven temperature program 

commenced at 40 °C for 3 minutes; increased to 115°C at a rate of 5 °C/min; increased to 

166 °C a rate of 3 °C/min and a final increase to 210 °C at a rate of 10 °C/min and held for 

3 min. The total run time was 42 min.  

Dry weight of fungal biomass in each GC/MS vial was calculated after washing three times 

with water, filtered using Whatman qualitative filter paper (Grade 1) and dried in an 

autoclave at 40 ºC for 24 hours. The concentration of the off-flavour compounds were 

reported in nanogram per dry weight of biomass. Total dry fungal biomass was calculated 

by summing the weight of the dry biomass in the GCMS vials with the remainder of the 

biomass in the respective cultures.  The biomass in the Schott Glass bottles was measured 

using the same procedure as used for the GC/MS vials.   
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Statistical Analysis: AComDim. The effect of water activity (95, 96.5 and 98 %), nitrogen 

contents (0.005, 0.05 and 0.5 g/L), pathogen (C. acutatum; DAR 77282, DAR 76888, DAR 

32068, DAR 76925 and C. gloeosporioides; DAR 77292, DAR 77289, DAR 77297, DAR 

77300) and their interactions were assessed on the mean centred and variance standardised 

data using the AComDim method (Jouan-Rimbaud Bouveresse et al., 2011). This approach 

enables the identification of experimental factors with important variation without the 

requirement for repetitive decomposition and re-sampling, whilst providing an indication of 

the significance of the factor identified in the experimental model (Amat et al., 2010; 

Schmidtke, 2011). In this approach multiple matrices of data are created in accordance with 

the experimental design and a residual matrix added to each experimental matrix. As the 

AComDim approach has the residual matrix added to each of the factor matrices, the first 

common component extracted normally corresponds to the dispersion of samples due to the 

residuals. Therefore subsequent common components, related to experimental factors and 

interactions are plotted versus Common Dimension1. 

RESULTS 

The samples for GCMS analysis were prepared from the biomass (spores and mycelium) or 

liquid synthetic grape juice culture media. However, samples from biomass were used for 

the remainder of the experiment as they contained higher level of off-flavour compounds 

compared to the liquid synthetic grape juice culture media (Table 1). As the 2 grams of wet 

biomass did not contain a homogenous amount of spores and mycelium, the concentrations 

of off-flavour compounds were normalised to the dry weight of biomass collected from 

GC/MS vials as described previously (Sadoughi et al., 2015).  

In AcomDim, attribute loadings for each dimension of interest were calculated by 

multiplying the corresponding score with the associated block having the highest salience 



 
 

140 
 

for that dimension. Block indices for specific factors for the formation of the four off-

flavours compounds and biomass of two species of Colletotrichum are shown in Table 2 

and figure 1. The F-values of water activity (Figures 1:A, Block 2), nitrogen (Figures 1:A, 

Block 4) and their interaction (Figures 1:A, Block 5) were higher than the critical F-value. 

This  indicated that water activity, nitrogen, and their interaction had a significant effect on 

the formation of  all four off-flavour compounds (P < 0.05). In this study, figure 2 shows an 

increased water activity from 95 % to 98 % caused 2.1, 2.4, 3.2 and 6.4 times increases in 

1-octen-3-ol, 1-octen-3-one, 2-methyisoborneol and geosmin production respectively. It 

also caused a 2.2 times increase in dry biomass.  

Figure 3 shows that increasing nitrogen from 0.005 to 0.5 g/L in the culture medium 

resulted in  7.6 and 7.4 times increase in the levels of 2-methyisoborneol and geosmin 

produced (P < 0.05). However, nitrogen levels had only a slight but insignificant effect on 

the concentration of 1-octen-3-ol, 1-octene-3-one and dry biomass.  

Block 1, 3, 7 and 6 in figure 1: A illustrate the Colletotrichum species and its interaction 

with nitrogen levels, water activity and the combination of both factors had F values higher 

than the critical F value. This suggests that off flavour compound formation is 

Colletotrichum species dependent. Inspection of figure 4, indicates that  geosmin was the 

only off-flavour compound produced at varying levels by different Colletotrichum species.  

Figure 5 shows that the optimum conditions for the formation of geosmin and 2-

methylisoborneol by Colletotrichum species were with 0.5 g/L nitrogen and 98 % water 

activity levels. Colletotrichum spp. produced the most eight carbon compounds (1-octen-3-

ol and 1-octen-3-one) and grew best at 98 % water activity on synthetic grape juice with 

various levels of nitrogen.  

DISCUSSIONS 
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Nine synthetic grape culture media with different levels of water activity (95, 96.5, and 98 

%) and nitrogen concentrations (0.005, 0.05 and 0.5 g/L) were used to grow C. acutatum 

and C. gloeosporioides in a Box Behnken designed experiment.   

In this study, increasing water activity from 95 to  98 % resulted in a doubling of biomass 

(figure 2). Previous studies reported maximum fungal growth for Aspergillus and 

Penicillium occurred with water activities between 95 to 99 % (Jan & Samson, 2007; Pardo 

et al., 2004; Romero et al., 2007). The influence of water activity on the growth of other 

fungi such as A. carbonarius, was similar to Colletotrichum in this study. The growth and 

production of ochratoxin A  by A. carbonarius were both significantly inhibited with a 

decrease in water activity (Hashem et al., 2015).  A study on  Aspergillus spp. reported that 

a  reduction of  the water activity from 98 to 92 % resulted in a 32 % and 50 % decrease in 

growth rate for A. niger and A. carbonarius respectively (Leong et al., 2006). In this study, 

an increased water activity resulted in an increase in all off-flavour compounds. It could be 

explained by higher nutritive solutes which are available to the fungus at higher levels of 

water activity (Mugnier & Jung, 1985). The findings of this study are  in agreement with 

previous studies which reported geosmin and 2-methylisoborneol have been frequently 

founded in aquatic ecosystems such as in lakes, dams and rivers (Jüttner & Watson, 2007). 

Different sources of nitrogen have been reported as having variable effects on fungal bio-

activity (Hashem et al., 2015). In this study diammonium phosphate was used as a source 

of nitrogen. An increase in nitrogen content in the culture from 0.005 g/L to 0.5 g/L caused 

an insignificant increase in biomass which is in contrast to earlier work by Hashem et al., 

(2015).  

In this study, elevated nitrogen from 0.005 to 0.5 g/L caused an increase in 2-

methylisoborneol (23 ± 20 to 132 ± 28 ng/g) and geosmin levels (4 ± 4 to 32 ± 10 ng/g). 
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The formation of geosmin in culture by Penicillium (La Guerche et al., 2005; Mattheis & 

Roberts, 1992; Tsao et al., 2014), Streptomyces (Gerber & Lechevalier, 1965) and blue 

algae such as Anabaena sp. (Saadoun et al., 2001; Safferman et al., 1967; Tsao et al., 2014; 

Velzeboer et al., 1995) has been reported previously. However, this is the first report of 

geosmin production by Colletotrichum spp. in vitro. 

La Guerche et al., (2004) reported that geosmin concentrations obtained from Penicillium 

spp. on malt agar medium at 20 ºC were more than three times higher than those obtained 

on Czapek medium. They concluded that these variations are probably due to the greater 

amount of some nutritional compound required by the fungus for geosmin production on 

malt agar medium than on Czapek medium. Malt agar has 30 g/L malt extract (Sigma-

Aldrich, 2015) which contains 12 to 44 per cent nitrogen (Wokes & Klatzkin, 1949). 

Interestingly, Czapek medium contains 0.49 g/L nitrogen (Sigma-Aldrich, 2015) which is 

less than one seventh of the minimum nitrogen amount in malt agar. An additional 0.5 g/L 

NH4
+ to facilitate the production of geosmin in P. expansum and B. cinerea has been 

investigated in other studies (La Guerche et al., 2005). Although these authors did not 

specify the ammonium salt used in their studies, they  reported that increasing nitrogen 

levels from 0.5 g/L to 2.5 g/L resulted in an increase in geosmin synthetised by Penicillium. 

However, increasing nitrogen by more than 2.5 g/L reduced geosmin production (La 

Guerche et al., 2007).   

 A previous study on P. expansum strains with different geosmin production rates under 

identical culture conditions reported that 107 proteins and enzymes involved in the first 

steps of secondary metabolism may have an important role in the biosynthesis of geosmin 

(Behr et al., 2014). Acetyl-CoA C-acetyltransferase is an enzyme that catalyses the transfer 

of an acetyl group into acetyl-CoA, producing acetoacetyl-CoA (Roze et al., 2011). 
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Acetoacetyl-CoA via the mevalonate pathway or pyruvate via the methylerythritol 

phosphate pathway, synthesise isopentenyl diphosphate, which converts to terpenoids 

(Roze et al., 2011). Therefore, the addition of both phosphate and nitrogen facilitate 

terpenoids formation. In this study, (NH4)2HPO4 was used as a nitrogen source in the 

synthetic grape juice as suggested by Leong et al., (2006) with the nitrogen concentration 

more than doubled compared to phosphate. However, it has been reported that an increase 

in phosphorus concentration from 0.7 to 3.7 µM caused a linear increased in the 

geosmin/biomass ratio by Streptomyces halstedii. (Schrader & Blevins, 2001).  

This can possibly explain the lower level of geosmin by Colletotrichum spp. in this study in 

synthetic grape culture media than in complex media in previous studies where abundant 

nutrients and growth factors are available (Bouras et al., 2016). For example, La Guerche et 

al., (2004) has described the maximum concentration of geosmin production by Penicillium 

spp. in malt agar medium to be around 14 µg/g which is 300 times more than  the 

maximum concentration of geosmin in this study (60 ng/g). Additionally, it is important to 

note that there is considerable variation in the cell-specific capacity to produce geosmin or 

2-methylisoborneol among fungi (Jüttner & Watson, 2007). For example, up to 50-fold 

differences have been reported for geosmin production by strains of Penicillium spp. (Behr 

et al., 2014).  

Eight-carbon compounds, along with other fungal volatile metabolites, have been used as 

an indicator of food spoilage (Keshri et al., 2002; Magan & Evans, 2000). The breakdown 

of lipids through fungal lipase activity results in free fatty acids. Linoleic acid, a 

polyunsaturated omega-6 fatty acid, is the precursor to eight carbon compounds formation 

in fungi (Combet et al., 2006; Husson et al., 2002; Miyamoto et al., 2014). Linoleic acid 

has been detected in large amounts in fungal mycelium such as A. niger previously (Byrne 
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& Brennan, 1975). In this study, the samples largely consisted of mycelium, which 

probably explains the high concentration of eight carbon compounds measured. 1-octen-3-

ol was found to be the predominant off flavour compound associated with Colletotrichum 

spp. which is in accordance with previous studies on A. flavus (Miyamoto et al., 2014) 

and Penicillium spp. grown on irradiated barley (Wilkins & Scholl, 1989). However a study 

that investigated Uncinula necator activity on grapes, reported that 1-octen-3-one was the 

most potent volatile compound among  22 volatile compounds identified (Darriet et al., 

2002). While the sensory impact of off-flavour compounds was not investigated in the 

current study, 1-octen-3-one was found to be the second-most prevalent compound. It has 

been reported previously that higher lipoxygenase activity and exogenous linoleic led to 

higher 1-octen-3-ol (Belinky et al., 1994; Byrne & Brennan, 1975).  In contrast, in this 

study, Colletotrichum was able to produce eight carbon compounds at wide range of 

nitrogen levels.  

CONCLUSION 

The effects of nitrogen content and water activity in vitro on the growth of 

Colletotrichum spp. and the formation of geosmin, 2-methylisoborneol, 1-octen-3-ol and 1-

octen-3-one were investigated. In this study, HSSPME–GC–MS were utilised to measure 

the off-flavour compounds in biomass. Nitrogen availability in the culture media 

significantly increased geosmin and 2-methylisoborneol production (p < 0.05), and caused 

the insignificant increase in 1-octen-3-one, 1-octen-3-ol and fungal biomass (p > 0.05). 

Increased water activity from 95 % to 98 % led to a significant (p < 0.05) increase in all 

off-flavour compounds and fungal biomass.  
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 Table 1: Concentrations of four off-flavour compounds from two grams wet biomass 

(spores and mycelium) or liquid synthetic grape juice culture media (CM) of C. acutatum 

and C. gloeosporioides with 0.05 g/L nitrogen and 96.5 % water activity. 

 

 

Isolate Sample 
1-Octen- 

3-one 

1-Octen-3-

ol 
2-Methyliso 

borneol 
Geosmin 

C. acutatum Biomass 12399 ±  

1897a 

65159 ± 

8619a 

68 ± 21a 14 ± 6a 

C. gloeosporioides Biomass 12693 ± 

 3691a 

71882 ± 

13420a 

45 ± 14ab 12 ± 5a 

C. acutatum CM 8440 ±  

1695ab 

48225 ± 

9549a 

30 ± 7b 5 ± 1b 

C. gloeosporioides CM 7216 ±  

1073b 

50379 ± 

7032a 

34 ± 11b 4 ± 1b 

ND: Not Detected 

Note: The results are expressed as ng/L and represented by a mean ± standard deviation of 

four isolates for each Colletotrichum species. 

Mean values within each column followed by different superscript letters (a, b, c, etc.) are 

significantly different at P < 0.05. 
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Table 2: Block index and factor/treatment identification for AComDim analysis of data sets. 

 

 Block Index Factor/Treatment  

CC1 Factor 1 Factor “Colletotrichum species”+ Residuals matrix 

CC2 Factor 2 Factor “Water Activity”+ Residuals matrix 

CC3 Factor 1*3 Factor “Colletotrichum species* Nitrogen level”+ Residuals matrix 

CC4 Factor 3 Factor “Nitrogen level”+ Residuals matrix 

CC5 Factor 2*3 Factor “Water Activity* Nitrogen level”+ Residuals matrix 

CC6 Factor 1*2*3 Factor “Colletotrichum species* Water Activity* Nitrogen level”+ Residuals matrix 

CC7 Factor 1*2 Factor “Colletotrichum species* Water Activity”+ Residuals matrix 

CC8 Factor 8 Residuals matrix  
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Figure 1: A) F-values of each data block form AComDim analysis of four flavour aroma compounds and fungal biomass. Attributes for data 

sets are identified in Table 2. 
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B) Sample scores from AComDim models of four flavour aroma compounds and fungal biomass in culture media with varying water 

activity levels. 

 

C) Sample scores from AComDim models of four flavour aroma compounds and fungal biomass in culture media with varying nitrogen 

levels. 

 

D) Sample scores from AComDim models of four flavour aroma compounds and fungal biomass in culture media with varying nitrogen and 

water activity levels. 

* Amount of data variance.  
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Figure 2: Effect of water activity on formation of eight carbon compounds, terpenes and dry fungal biomass in culture media by 

Colletotrichum spp. (average values for all isolates). 
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Figure 3: Effect of nitrogen levels on formation of eight carbon compounds, terpenes and dry fungal biomass in culture media by 

Colletotrichum spp. (average values for all isolates). 

 

 



 
 

157 
 

 

Figure 4: Effect of Colletotrichum species (average values for all isolates for each species) on formation of eight carbon compounds, 

terpenes and dry fungal biomass in culture media. 

Ca1: DAR 77282, Ca2: DAR 76888, Ca3: DAR 32068, Ca4: DAR 76925, Cg1: DAR 77292, Cg2: DAR 77289, Cg3: DAR 77297, Cg4: 

DAR 77300. 

. 
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Figure 5: Effect of nitrogen levels and water activity on formation of eight carbon 

compounds, terpenes and biomass of Colletotrichum spp. (average values for all isolates). 
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CHAPTER VI 

GENERAL DISCUSSION, CONCLUSION, AND FURTHER WORK 

 

Wine has ranked in the top ten Australian agricultural exports for twenty years (Australian 

Bureau of Statistics, 2012). Ripe rot disease is one of the diseases which decrease fruit 

yield and grape and wine quality. Ripe rot causes bitter taint and an unpleasant flavour in 

grape berries which survives through fermentation and impacts on wine quality (Meunier & 

Steel, 2009).  

This study is the first to report the chemical nature of the off-flavours found in wine made 

from grapes affected with ripe rot (C. acutatum). It describes a method which enabled the 

determination of wide range of fungal off-flavours compounds in wine and grapes at ng/L 

levels in a single analysis with little sample preparation. 

In this study, thirteen off-flavours compounds have been chosen as potential off-flavour 

compounds: pentachloroanisole, 2,4,6-tribromoanisole, 2,4,6-trichoroanisole, 1-octen-3-ol,  

2-methylisoborneol, 2-isobutyl-3-methoxypyrazine, 2-isopropyl-3-methoxypyrazine, 

fenchol, 3-octanone, 1-octen-3-one, fenchone, geosmin and trans-2-octen-1-ol. 

They have been described as responsible for cork taint, mushroom flavour, earthy and 

musty odour in previous studies in musts, wine or crushed grapes (Boutou & Chatonnet, 

2007; La Guerche et al., 2005).  

A rapid analytical method that enables evaluation of the off-flavours compounds in grape 

and wine was required. While these compounds have very low olfactory thresholds in wine, 

they can influence the wine aroma at very low concentrations. It was a challenge to 

determine the concentrations of all thirteen compounds in concentrations lower than their 
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sensory thresholds. Design of experiments and response surface modelling of analyte 

responses has been employed to determine the optimum time and temperature for SPME 

extraction processes using HSSPME–GC–MS in wine and grape bases. In the second 

chapter, there is a description of the application of response surface modelling combined 

with a modified desirability method for optimization of multiple responses. Dilution of 

wine with water was used to saturate the fiber with ethanol as it caused the ethanol 

concentration to decrease to 3 % v/v approximately. Calibration curves prepared, for either 

water diluted wine (Wine Base) or grape homogenate matrixes (Grape Base) were 

constructed from the mean quantitation ion count of three replicate analyses, using a mix of 

naturally occurring and deuterated analogues as internal standards.  That method enabled 

quantification of the level of off-flavours in wine and grapes below their reported olfactory 

thresholds, with a higher sensitivity than previously reported (Cortada et al., 2011). 

Excellent analytical reproducibility and repeatability for volatile fungal metabolites was 

obtained, and good recovery values expressed as the coefficient of variation ranged from 83 

% to 131 % in Wine Based and 89 % to 121 % in Grape Based. This method has also 

allowed the investigation of compounds that contribute to the off-flavours found in grapes 

and wines made from bunch rot affected grapes in a single analysis. However, only 

potential off-flavour compounds that were found in wine previously, have been considered 

in this study. Further studies on other off-flavour compounds method have been suggested.  

 The optimised method developed at the start of this study has been utilized and examined 

to improve our understanding of how Colletotrichum affects grape and wine quality. 

Cabernet Sauvignon wines, vinified previously (Meunier & Steel, 2009) from ripe rot 

affected grapes with three different severity levels (0, 1.5 and 3 %), were analysed using the 
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optimised method. Some of the volatile compounds potentially responsible for mushroom 

or earthy odours in this wine were identified and quantified.  

2-Isopropyl-3-methoxypyrazine, typically associated with unripe aromas in Cabernet 

sauvignon (Allen et al., 1991), did not differ in concentration in wines made from different 

severity levels of infection. Pentachloroanisole, 2,4,6-tribromoanisole, 2,4,6-

trichoroanisole, fenchol, fenchone and 3-octanone were not detected by the optimised 

method in any of the samples with different levels of ripe rot severity. However, the 

concentration of geosmin, 2-methylisoborneol, 1-octen-3-ol and 1-octen-3-one increased 

significantly (P < 0.05) with increasing the infection severity. Among these compounds, 2-

methylisoborneol was higher than its sensory threshold in wine with 3.0 % infection rates 

(Boutou & Chatonnet, 2007), which indicated that 2-methylisoborneol contributed to the 

off-flavours found in wines made from ripe rot affected grapes. It has been reported 

previosly that 2-Methylisoborneol reduced by 80 % after seven days of alcoholic 

fermentation in a model wine solution and reduced by 40 % after two days of alcoholic 

fermentation in Semillon wine (La Guerche et al., 2006). Therefore, it is possible to assume 

that 2-methylisoborneol was at a very high level at the commencement of the wine making 

process. As the wine made with the 1.5 % infection rate also had noticeable off-flavour 

aromas, it is possible that the lower concentrations of 2-methylisoborneol, geosmin, 1-

octen-3-ol and 1-octen-3-one, in combination produced a synergistic effect leading to the 

off-flavours.  

This study also attempted to investigate possible methods of amelioration of off-flavour 

compounds. Previous studies shows that fining agents are not only used for  reduction of 

unwanted phenolics and protein stabilisation (Iland et al., 2004) but also used for reducing 

the off-flavour compounds concentrations including geosmin and ester compounds in some 
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wines (Lisanti et al., 2014). In this study, three common fining agents, 

polyvinylpolypyrrolidone, bentonite and activated carbon, at two different concentration 

levels were used to observe their efficiency in decreasing the amount of four off-flavour 

compounds. Among these, polyvinylpolypyrrolidone reduced the off-flavour compounds to 

the greatest extent, decreasing geosmin, 1-octen-3-one and 1-octen-3-ol significantly. 

However, polyvinylpolypyrrolidone had no significant effect on 2-methylisoborneol, which 

remained at levels close to the reported sensory threshold. As only three common fining 

agents were used in this study, the use of other fining agents is recommended to be 

explored in the future. There is a possibility that other fining agents can remove fungal taint 

successfully. Other fining agents includes grape seed oil, which has been utilised for 

reducing the geosmin and terpenoids (Lisanti et al., 2014), and egg white, for reducing the 

polyphenolic compounds (Tschiersch et al., 2010). In particular, the deleterious impact of 

fining agents, due to their non-specific action, needs to be considered in future studies.     

 

As 2-Methylisoborneol, geosmin, 1-octen-3-ol and 1-octen-3-one were found in wine made 

from ripe rot affected grapes, the formation of four off-flavour compounds in infected fruits 

by Colletotrichum spp. have been studied. Two host plants have been chosen for this study 

to monitor the formation of off-flavours: 

 Vaccinium corymbosum (blueberry), one of the most susceptible plants to 

Colletotrichum spp. (Miles et al., 2013; Polashock et al., 2005; Verma et al., 2007) with 

100 %  post-harvest losses in storage, in case of Colletotrichum infection (Milholland, 

1995) 

 Grape cultivars, V. vinifera (Chardonnay), a white wine grape, and V. vinifera 

(Cabernet Sauvignon), a red wine grape, are two of the most important grape cultivars for 
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premium wine production in Australia (Australian Bureau of Statistics, 2013). Both of 

these cultivars have known susceptibilities to ripe rot. 

Grape berries and blueberries were inoculated in the laboratory with five different isolates 

of C. acutatum (DAR 77282, 76888, 32068, 76925) and one isolate of C. gloeosporioides 

(DAR 77292). Those two species are associated with fruit rot (Denoyes-Rothan et al., 2003; 

Martinez-Culebras et al., 2003; Peres et al., 2002). C. acutatum is the predominant 

pathogen in blueberries (Miles et al., 2013; Polashock et al., 2005; Verma et al., 2006; 

Wharton & Schilder, 2008) and in grapes (Cleaves, 2011; Greer et al., 2011; Whitelaw-

Weckert et al., 2007).  

Inoculated grapes berries and blueberries had higher levels of infection scores than the 

corresponding control berries. The average infection scores at seven days after inoculation 

for blueberry (11.0 ± 1.6) were less than both the varieties of grape berries after an 

equivalent incubation period, (Cabernet Sauvignon: 37.3 ± 5.4 and Chardonnay: 35.6 ± 

4.3). This may be due to the lower sugar content found in blueberry (15.4 ± 1.2 ºBrix) 

compared to Cabernet Sauvignon and Chardonnay grape (18.3 ± 0.9 and 20.7 ± 1.1 ºBrix 

respectively). The Brix differentials are unable to be controlled in experiments utilizing 

blueberry and grape samples which were collected from a non-controlled environment 

(commercially available blueberries and grapes from a vineyard).  

Higher acetic acid levels were found in all infected berries compared to control berries, and 

was also observed after day five in this investigation possibly due to the formation of 

indole-3-acetic acid from indole-3-acetamide by Colletotrichum activity (Maor et al., 

2004). Inoculated grapes berries and blueberries had higher levels of glycerol and gluconic 

acid than the corresponding un-inoculated control for both type of berries at the same time 
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point post inoculation. This was most apparent five days post-inoculation. In all infected 

berries, a more rapid increase in the levels of glycerol was observed than gluconic acid due 

to the rapid degradation of glucose and fructose (which are both responsible for glycerol 

formation) (Ribéreau-Gayon et al., 2006) to oxidative stress (responsible for gluconic acid 

formation) (Roldan et al., 2003). Oxidation of phenolic compounds by polyphenol oxidases 

caused discolouration in infected berries. An increased in ∆E values in all infected berries 

indicated discolouration of the berries towards the orange/brown spectrum.  

The levels of the off-flavour compounds increased at different rates during the post 

inoculation period depending on the compound in question. 1-octen-3-ol was the most 

abundant volatile compound produced. The enzyme(s) involved in formation of 1-octen-3-

ol have not been identified and the formation of this compound is worthy of further 

investigation.  

In this study, the ANOVA-ComDim was utilised to: 

1) Have a better comparison of developing berry rots due to different Colletotrichum 

isolates regarding four off-flavours, colour, infection rate score, gluconic acid, glycerol and 

acetic acid levels (eleven responses)  

2) Identify the variables and assess the significance of the experimental factors.  

This analysis represented physico-chemical characters such as glycerol, gluconic acid 

levels, infection score and ability to produce off-flavour compounds were not significantly 

different in the same type of berries inoculated by different isolates. Also different 

inoculation period time and host type strongly influences the different level of physico-

chemical changes in the ripe rot affected berries. The varrying levels of physico-chemical 

changes in different types of host (Cabernet Sauvignon, Chardonnay and blueberry) could 
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be attributed to different stages of berry ripening, putative defence genes and berry 

composition including pH and sugar concentration (Miles et al., 2011; Miles et al., 2012). 

To gain a better understanding of the dynamics of the formation of four off-flavour 

compounds, the average infection score, glycerol, gluconic acid, ∆E, terpenes (sum of 

geosmin and 2-methylisoborneol) and eight carbon volatiles (sum of 1-octen-3-one and 1-

octen-3-one) produced by different isolates in each host were compered to each other. 

These results showed that off-flavour formation and gluconic acid had a noticeable increase 

at later stages of fungal growth compared to infection scores, glycerol and ∆E. As increases 

in infection scores, glycerol and ∆E occurred prior to off-flavour peak formation, there is 

the possibility of using changes in blueberry and grapes as indicators to monitor the 

developmental stage of berry rots due to Colletotrichum species. Future work is required to 

investigate the possibility to eliminate fungal-affected berries from a number of food and 

wine processing to limit the impact fungal plant pathogens have on food and wine quality.  

Host type strongly influences the different level of physico-chemical changes in the ripe rot 

affected berries. The varrying levels of physico-chemical changes in different types of host 

(Cabernet Sauvignon, Chardonnay and blueberry) could be attributed to different berry 

composition including pH and sugar concentration (Miles et al., 2011; Miles et al., 2012). 

In this study, two parameters, nitrogen concentrations and water activity, were selected for 

the current study because:   

 They influence fungal disease severity (Mengel et al., 2001; Ochoa & Uhart, 2006; 

Stefanelli et al., 2010) 

 Their involvement on fungal off-flavour formation has been reported previously in 

vitro (Bentley & Meganathan, 1981; Combet et al., 2006; Wu et al., 1991).  
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The effects of water activity and nitrogen availability on the formation of four compounds 

(geosmin, 2-methyisoborneol, 1-octen-3-one and 1-octen-3-ol) associated with off-flavours 

in grapes infected with eight isolates of Colletotrichum spp. (C. acutatum; DAR 77282, 

DAR 76888, DAR 32068, DAR 76925 and C. gloeosporioides; DAR 77292, DAR 77289, 

DAR 77297, DAR 77300) were investigated. In preliminary examination, varying levels of 

water activity (80, 85, 90, 95, and 98 %) were achieved by adding different levels of 

glycerol to synthetic culture media (Leong et al., 2006). No Colletotrichum spp.  growth 

occurred below 95 % water activity, which was similar to the required water activity for C. 

orbiculare reported by Chittick & Auld (2001).  No Colletotrichum growth occurred below 

0.005 g/L nitrogen. There was no significant difference observed in levels of off-flavours 

and biomass in synthetic culture media with 0.5 and 1 g/L nitrogen content. Nine synthetic 

grape culture media with different levels of water activity (95, 96.5, and 98 %) and nitrogen 

concentrations (0.005, 0.05 and 0.5 g/L) were used to grow C. acutatum and C. 

gloeosporioides in a Box Behnken designed experiment. The levels off-flavour compounds 

were measured using the optimised method after ten days post-inoculation. 

AComDim was used to determine the effect of water activity, nitrogen and their interaction 

on concentration of these off-flavour compounds per gram dry weight of fungal biomass. 

Levels of 1-octen-3-one, 1-octen-3-ol, 2-methyisoborneol, geosmin and total mass 

increased when the level of water activity in culture was increased from 95 % to 98 %. It 

could be explained by higher nutritive solutes which are available to the fungus at higher 

levels of water activity (Mugnier & Jung, 1985). Increasing nitrogen from 0.005 to 0.5 g/L 

in the culture medium resulted in  7.6 and 7.4 times increase in the levels of 2-

methyisoborneol and geosmin produced. Addition of both phosphate and nitrogen, by 

adding (NH4)2HPO4 facilitate terpenoids formation. As phosphate and nitrogen involves in 
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the biosynthetic pathways of terpenoids (Roze et al., 2011). Nitrogen levels had only a 

slight but insignificant effect on the concentration of 1-octen-3-ol, 1-octene-3-one and dry 

biomass. 1-octen-3-ol was found to be the predominant off-flavour compound associated 

with Colletotrichum spp. and 1-octen-3-one was found to be the second-most prevalent 

compound. This is consistent with previous chapter which reported 1-octen-3-ol was the 

most abundant volatile compound produced by Colletotrichum in blueberries and grape 

berries. It has been reported previously that higher lipoxygenase activity and exogenous 

linoleic leaded to higher 1-octen-3-ol (Belinky et al., 1994).  In contrast, in this study, 

Colletotrichum was able to produce eight carbon compounds at wide range of nitrogen 

levels. Since the enzyme(s) involved in 1-octen-3-ol pathway have not been identified. This 

represents a further avenue for future research.  

Further Studies: 

 The highlight of this study was establishing and optimising a method for 

quantification of wide range of fungal off-flavours compounds, however further study on 

unknown off-flavour compounds, using an un-targeted approach method by HSSPME–

GC–MS, is proposed. It is a possibility that fungi produce different off-flavour compounds 

in different fruits.  

 The use of other fining agents is recommended to be explored in the future. In 

particular, dosage rates of promising fining agents needs additional assessments and the 

deleterious impact of fining agents, due to their non-specific action, also needs to be 

considered.     

 In this study, (NH4)2HPO4 was used as a source of nitrogen which contains 

phosphate and ammonium. Using different sources of nitrogen which help to measure the 
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effect of each sources of nitrogen sole on the formation of off-flavour compounds by fungi 

is proposed. 

 This study suggested that increasing nitrogen levels in the culture medium increase  

the levels of 2-methyisoborneol and geosmin produced by fungi in vitro.  Extrapolating 

these findings to in planta is difficult. However, it is possible that when vines affected by 

ripe rot are grown in soils with high available nitrogen, then the affected fruit may have 

higher levels of unwanted off-flavours than had the vines been grown on lower nitrogen 

soils. Should this be the case, then this opens up another avenue for managing the unwanted 

affects of bunch rot diseases on grape and wine quality. 

 

Summary of Conclusion 

The highlights of this thesis include the following outputs: 

 An optimised method was established to investigate compounds that contribute to 

the off-flavours in bunch rot affected grape and wine in single analysis. 

 The optimised method enabled the determination of wide range of fungal off-

flavours compounds in wine and grapes at ng/L levels with little sample preparation. 

 Four off-flavour compounds in wine made from ripe rot affected grape were 

reported for the first time. 

 Effect of fining agent for amelioration of off-flavour compounds was investigated 

and  

 For the first time, the concentrations of 1-octen-3-one, 1-octen-3-ol, geosmin and 2-

methylisoborneol in Chardonnay, Cabernet Sauvignon and blueberries inoculated with 

Colletotrichum spp. have been reported 
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 The effect of host (different fruit type), pathogen (different isolates of 

Colletotrichum), incubation time and their interactions on developing of disease in infected 

fruits were assessed using ANOVA-ComDim   

 For the first time, glycerol and gluconic acid have been investigated in relation to 

Colletotrichum spp. infection in either grapes or blueberries 

 Nine synthetic grape culture media with different levels of water activity (95, 96.5, 

and 98 %) and nitrogen concentrations (0.005, 0.05 and 0.5 g/L) were used to grow C. 

acutatum and C. gloeosporioides in a Box Behnken designed experiment.   

 The concentrations of 1-octen-3-one, 1-octen-3-ol, geosmin and 2-methylisoborneol 

by C. acutatum and C. gloeosporioides, in vitro were analyzed using AcomDim.  

 Increasing water activity from 95 % to 98 % led to an increase in geosmin, 2-

methylisoborneol, 1-octen-3-one, 1-octen-3-ol, in addition to fungal biomass significantly 

(p < 0.05).  

 Nitrogen availability in the culture media significantly increased geosmin and 2-

methylisoborneol production (p < 0.05) 

 Nitrogen availability in the culture media caused the insignificant increase in 1-

octen-3-one, 1-octen-3-ol and fungal biomass (p > 0.05).  
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Grey mould (B. cinerea) of grapes is a widespread bunch rot disease that can cause a 

decrease in grape yield and leads to various off-flavours and aromas in finished wine. One 

of the compounds probably responsible for this loss of wine quality is geosmin, a volatile 

fungal metabolite, which causes earthy odours (Darriet et al., 2000).  

This study reports the optimisation and application of a robust and simple headspace-solid-

phase micro-extraction–gas chromatography–mass spectrometry (HS-SPME–GC–MS) 

method for determination of geosmin. 

Different concentration of geosmin with geosmin-D3 (methyl), deuterated isotopes of 

geosmin, 240 ng/L were prepared in wine base solutions and injected into an Agilent 

7890A gas chromatograph with automated solid phase microextraction capability to design 

a standard curve for geosmin qualification. 
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Three batches of wine were made from Semillon grapes with three levels of grey mould 

infection as assessed by visual inspection; nil (apparently healthy), low and high level.  The 

geosmin level in these three different wines were analysed by GC-MS and also sensory 

descriptive analysis was later used to illustrate differences in final wine attributes.  

 

Analytical sensitivity and reproducibility quantification was achieved using a calibration 

curve constructed for geosmin with a linear regression equation with a coefficient of 

determination (r2) = 0.99 (Fig 1). Wine made of grapes with the highest level of grey mould 

had significant more geosmin (Table 1). This result agreed with the sensory descriptive 

analysis of wine revealed that high infected wine has mouldier characteristic more than 

control and low infected wine (Fig 2). 

Since wine made from the high level infected grapes showed the most mouldy and oxidised 

characteristics and also higher geosmin levels compared to the control and low level 

infected wines, geosmin is one of the compounds that is responsible for undesirable aroma 

in wine made from grey mould affected grapes. Separate to this study the precent of 

Botrytis antigens was confirmed in both apparently healthy and grey mould affected grapes 

and wine (Steel and Dewey, 2013) 

 

Darriet, P., Pons, M., Lamy, S., & Dubourdieu, D. (2000). Identification and quantification 

of geosmin, an earthy odorant contaminating wines. Journal of Agricultural and 

Food Chemistry, 48(10), 4835-4838 

 

Steel, C.C, Dewey, F.M. (2013). Use of Lateral flow devices for the estimation of Botrytis 

antigens in dessert wines. Proc. 15th Australian Wine Industry Technical 

Conference, 13th – 18th July 2013. 
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Figure A1: Response surface methodology plots of modeled extraction conditions for 

compounds in wine base (Chapter II). 
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Figure A2: Response surface methodology plots of modelled extraction conditions for 

compounds in grape base (Chapter II). 

 

 

 

 

 

 

 

 


