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ABSTRACT 

 

Alicyclobacilli are endospore-forming, thermophilic, acidophilic bacteria (TAB) that 

survive the pasteurisation process and spoil acidic fruit juices through the production of 

the taint compound guaiacol.  Guaiacol causes an undesirable odour with an 

unpleasant smoky, medicinal or phenolic-like taste.  This thesis reports on the 

precursors, vanillin and vanillic acid metabolised to guaiacol by Alicyclobacillus spp. in 

fruit juice, the pathway of guaiacol production and the spoilage potential of 

contaminated fruit juices supplemented with these precursors. 

 A high performance liquid chromatography method with UV-diode array detection 

(HPLC-DAD) was developed for the simultaneous detection and quantification of 

guaiacol and its precursors.  Alicyclobacillus acidoterrestris FB2 was incubated at 45 °C 

for 7 d in Bacillus acidoterrestris (BAT) broth supplemented with ferulic acid, vanillin or 

vanillic acid.  The cell concentrations were determined every 24 h and the concentration 

of the precursors and the production of guaiacol was determined using HPLC-DAD.  

The guaiacol production was also determined using the peroxidase enzyme 

colourimetric assay (PECA).  Alicyclobacillus acidoterrestris produced guaiacol from 

vanillin and vanillic acid, confirming both vanillin and vanillic acid as precursors for 

guaiacol production by A. acidoterrestris FB2.  Furthermore, a metabolic pathway 

directly from vanillin to guaiacol was identified in this study.  However, guaiacol was not 

produced by A. acidoterrestris FB2 in the samples supplemented with ferulic acid and it 

is, therefore, not considered a direct precursor for guaiacol production by A. 

acidoterrestris.   

The spoilage potential of apple juice supplemented with either 10 mg L-1 or  

100 mg L-1 vanillin or vanillic acid by A. acidoterrestris FB2 (106 cfu mL-1) was also 

evaluated.  The production of guaiacol increased with the increase in vanillin or vanillic 

acid concentrations (in BAT broth and apple juice) indicating that the concentration of 

vanillin and vanillic acid present in fruit juice will influence the spoilage potential of the 

juice.  Guaiacol concentrations in apple juice well above the best estimated threshold 

value of guaiacol for taste (0.24 – 2.00 µg L-1) and odour (0.50 - 2.32 µg L-1) was 

produced by A. acidoterrestris FB2 in the apple juice supplemented with 10 mg L-1 

vanillin or vanillic acid.  This indicates that fruit juice with a vanillin or vanillic acid 

concentration as low as 10 mg L-1 has the potential to spoil if the juice is contaminated 

with A. acidoterrestris.   



iv 

The concentrations of vanillin and vanillic acid in different fruit juices can be used 

to indicate if a specific fruit juice is susceptible to guaiacol spoilage by Alicyclobacillus 

spp.  In the development of juice products and different blends of fruit juices, special 

care must be taken not to concentrate the amount of vanillin and vanillic acid present in 

the fruit juices. 
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UITTREKSEL 

 

Alicyclobacilli is endospoor-vormende, termofiliese, asidofiliese bacterie (TAB) wat die 

pasteurisasie proses oorleef en suur vrugtesappe bederf met die produksie van ‘n taint 

komponent guaiakol.  Guaiakol veroorsaak ‘n ongewensde reuk en onaangename 

rookagtige, medisinale of fenoliese smaak.  Hierdie tesis doen verslag oor die voorloper 

komponente, vanillien en vanilliensuur in vrugtesappe wat gemetaboliseer word na 

guaiakol deur Alicyclobacillus spesies, die padweg van guaiakol produksie en die 

bederfbaarheid van gekontamineerde vrugtesap aangevul met hierdie voorloper 

komponente.   

 ‘n Hoëprestasie vloeistof chromatografie metode met UV-deteksie (skanderend) 

(HPVC) is ontwikkel vir die gesamentlike deteksie en kwantifisering van guaiakol en die 

voorloper komponente.  Alicyclobacillus acidoterrestris FB2 is geïnkubeer by 45 °C vir  

7 d in Bacillus acidoterrestris (BAT) medium aangevul met feruliensuur, vanillien of 

vanilliensuur.  Die sel konsentrasies is elke 24 h bepaal en die aangevulde komponente 

en die geproduseerde guaiakol is bepaal deur van HPVC gebruik te maak.  Die guaiakol 

konsentrasies is ook bepaal deur van die peroksidase ensiem kolorimetriese bepaling 

(PEKB) gebruik te maak.  Alicyclobacillus acidoterrestris het guaiakol geproduseer 

vanaf vanillien en vanilliensuur, dus is beide vanillien en vanilliensuur bevestig as 

voorlopers van guaiakol produksie deur A. acidoterrestris FB2.  A padweg direk van 

vanillien na guaiakol is in hierdie studie geïdentifiseer.  Guaiakol is nie geproduseer 

deur A. acidoterrestris FB2 in the monsters wat met feruliensuur aangevul is nie en 

feruliensuur is dus nie ‘n direkte voorloper van guaiakol produksie deur  

A. acidoterrestris.   

 Die bederf potensiaal van appelsap aangevul met 10 mg L-1 of 100 mg L-1 

vanillien of vanilliensuur deur A. acidoterrestris (106 kve mL-1) is ook geëvalueer.  Die 

produksie van guaiakol het toegeneem met die toename in vanillien of vanilliensuur 

konsentrasies (in beide BAT en appelsap) wat aandui dat die konsentrasie vanillien en 

vanilliensuur teenwoordig in vrugtesap die bederfbaarheid van die sap sal beïvloed.  

Guaiakol konsentrasies in appelsap hoog bo die drumpel waardes van guaiacol vir 

smaak (0.24 – 2.00 µg L-1) en reuk (0.50 - 2.32 µg L-1) is geproduseer deur  

A. acidoterrestris FB2 in die appelsap monsters aangevul met 10 mg L-1 vanillien of 

vanilliensuur.  Hierdie verskynsel dui aan dat vrugtesap met ‘n vanillien of vanilliensuur 

konsentrasies van so laag as 10 mg L-1 die potensiaal het om te bederf indien die sap 

gekontamineer is met A. acidoterrestris. 
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Die konsentrasies van vanillien en vanilliensuur in verskillende vrugtesappe kan 

gebruik word om aan te dui of ‘n spesifieke vrugtesap ‘n hoë risiko het vir guaiakol 

bederf deur Alicyclobacillus spesies.  Tydens die ontwikkeling van vrugtesap produkte 

en verskillende mengsels van vrugtesappe moet seker gemaak word dat die 

hoeveelhede vanillien en vanilliensuur in die sappe nie gekonsentreer word nie. 
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CHAPTER 1 

 

INTRODUCTION 

Fruit juice and related raw material stored in shelf-stable packaging at room 

temperature is generally preserved by a combination of heat treatment and low pH.  The 

low pH of fruit juice do not support the germination of most bacterial endospores 

(Blocher & Busta, 1983) and hot-fill and hold pasteurisation is deemed sufficient to 

destroy non-endospore-forming microbes yeasts, mycelial fungi and lactic acid bacteria 

(Eiora et al., 1999; Vieira t al., 2002) to render the product commercially sterile (Pontius 

et al., 1998; Silva et al., 2000; Vieira et al., 2002; Walker & Phillips, 2008).  However, 

since the isolation of Alicyclobacillus spp. in fruit juice products, the natural low pH of 

fruit juices, as well as the pasteurisation process has been reported to be inadequate for 

the prevention of spoilage caused by this thermophilic, acidophilic bacterium 

(Splittstoesser et al., 1994; Pettipher et al., 1997; Walls & Chuyate, 1998).  

Alicyclobacillus endospores survive the pasteurisation process and germinate, grow and 

spoil these products at a pH formerly considered to be below the range that supported 

the growth of endospore-forming bacteria (Walls & Chuyate, 1998).  

Alicyclobacillus was first identified in aseptically packed apple juice in Germany in 

1982 (Cerny et al., 1984).  Since then and with more frequent isolation of 

Alicyclobacillus as the spoilage bacterium from fruit juices, it has become a major 

concern to the beverage industry (Duong & Jensen, 2000; Durak et al., 2010).  Spoilage 

by species of Alicyclobacillus are difficult to detect and can occur without visible 

changes (Walls & Chuyate, 1998; Walker & Phillips, 2005).  The formation of a 

medicinal or phenolic off-flavour is the only obvious indication of spoilage (Walls & 

Chuyate, 1998; Silva et al., 1999; Pettipher & Osmundson, 2000).  The off-flavours that 

are associated with the spoilage of food products caused by Alicyclobacillus spp. can 

either be due to the production of guaiacol (Pettipher et al., 1997; Splittstoesser et al., 

1998) or the halophenols, 2,6-dibromophenol (2,6-DBP) and 2,6-dichlorophenol (2,6-

DCP) (Borlinghaus & Engel, 1997).  However, guaiacol is accepted as the predominant 

metabolite associated with taint production in fruit juices (Pettiper et al., 1997; Jensen, 

2000; Jensen & Whitfield, 2003).  Guaiacol causes an undesirable odour in fruit juice 

resulting in an unpleasant smoky, medicinal or phenolic-like taint (Pettipher et al., 1997; 

Jensen, 2000).   

A number of factors affect Alicyclobacillus spoilage of fruit juice.  These include 

the species of Alicyclobacillus present, cell concentration of Alicyclobacillus, storage 
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temperature, the pH and juice composition (Splittstoesser et al., 1994; Lusardi et al., 

2000; Chang & Kang, 2004).  Alicyclobacillus acidoterrestris is primarily responsible for 

the production of guaiacol (Yamazaki et al., 1996; Pettipher et al., 1997), although other 

species including A. acidiphilus (Matsubara et al., 2002; Goto et al., 2008),  

A. acidocaldarius (Smit, 2009), A. cycloheptanicus (Gocmen et al., 2005), A. herbarius 

(Goto et al., 2008) and A. hesperidum (Gocmen et al., 2005; Goto et al., 2008) also 

have the ability to produce guaiacol.  The availability of precursors for guaiacol 

production is also an important factor for spoilage by Alicyclobacillus spp. to occur.  The 

exact metabolic pathway of guaiacol production by Alicyclobacillus has not been fully 

investigated, however, it is currently believed that guaiacol is produced as a product of 

ferulic acid metabolism (Jensen, 2000; Niwa & Kawamoto, 2003; Chang & Kang, 2004; 

Bahçeci et al., 2005).   

There are currently no preservation techniques available to ensure the complete 

elimination of Alicyclobacillus spp. from the fruit possessing environment or fruit juice 

products.  However, numerous factors need to be favourable for Alicyclobacillus spp. to 

produce guaiacol and the elimination of one of the factors can possibly prevent or limit 

the spoilage of fruit juice.  Little information exists on the metabolic pathway of 

Alicyclobacillus and the substrates, specifically in fruit juice, that are required for 

guaiacol production.  The aim of this study was to confirm the anabolic pathway for 

guaiacol production by Alicyclobacillus acidoterrestris.  A high performance liquid 

chromatography method was developed to separate and quantify guaiacol and the 

possible precursor compounds, ferulic acid, vanillin and vanillic acid.  The precursor 

compounds required for guaiacol production by A. acidoterrestris was identified and the 

spoilage potential of apple juice supplemented with the precursor compounds was 

evaluated. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

A. Background 

Over the past few years the international fruit juice market has grown substantially.  This 

is due to trends towards healthier eating, as well as an increase in the demand for 

natural food products and functional foods.  There is also an increased demand for 

fresh or minimally processed fruits (Walker & Phillips, 2008).  Consumers are replacing 

carbonated soft drinks with healthier alternatives and juice provides a convenient and 

tasty option (Anon, 2008).  However, concomitant to general foods, consumers have 

high expectations of juice quality and safety and a spoilage incidence could possibly 

lead to loss of brand or product loyalty.  The focus in the juice market has been on 

product differentiation, sensory quality and functionality (Anon, 2008).   

A combination of heat treatment and low pH are used to preserve fruit juice 

products stored in shelf-stable packaging at room temperature.  The natural acidity of 

the fruit juice prevents the growth of many types of bacteria and supports the growth of 

microbes of low heat resistance, such as yeasts, mycelial fungi and acid-tolerant non-

endospore-forming bacteria (Murdock, 1976; Splittstoesser & Mundt, 1976; Eiora et al., 

1999).  Pasteurisation is used to inhibit the growth of heat-labile lactic acid bacteria and 

fungi (Splittstoesser & Mundt, 1976) and to destroy pathogens such as Escherichia coli 

O157:H7 (Walls & Chuyate, 1998).  Hot-fill and hold pasteurisation at 88 ° - 96 °C for  

2 min is usually sufficient to destroy most non-endospore-forming microbes and to 

render the product commercially sterile (Murdock, 1976; Pontius et al., 1998). 

Fruit juice and other acidic foods that have a pH below 4 do not support the 

germination of most bacterial endospores such as Bacillus stearothermophilus that is 

non-viable at pH<5.3 (Blocher & Busta, 1983; Brown, 2000).  Therefore, a heat 

treatment is not needed to eliminate these (Walls & Chuyate, 1998).  It is assumed that 

if fruit juices are properly processed and handled, it will remain commercially sterile 

during the specified shelf-life until the packaging is opened (Blocher & Busta, 1983; 

McIntyre et al., 1995).  However, due to the identification and frequent isolation of 

Alicyclobacillus spp. from aseptically packed apple juice and other juices (Cerny et al., 

1984; Duong & Jensen, 2000; Durak et al., 2010), it is evident that the natural low pH of 

fruit juice and pasteurisation is not adequate to prevent spoilage caused by these 

thermophilic, acidophilic bacteria (Splittstoesser et al., 1994; Pettipher et al., 1997; 
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Walls & Chuyate, 1998).  Alicyclobacillus endospores can germinate, grow and spoil 

these products at a pH formerly considered to be below the range that supported the 

growth of endospore-forming bacteria (Walls & Chuyate, 1998).   

The growth of Alicyclobacillus can be inhibited by refrigeration, but fruit juice is 

pasteurised to be marketed at ambient temperatures and chilling of these products 

would increase the costs.  Amongst other treatments, increased pasteurisation 

temperatures could be a control measurement for spoilage, however, sterilisation 

temperatures (above 100 °C) negatively affect the quality of the fruit juice by producing 

unacceptable organoleptic changes (Walls & Chuyate, 1998; Palop et al., 2000; Bahçeci 

et al., 2003; Chang & Kang, 2004). Furthermore, endospores can penetrate ultra-

filtration membranes and this may also not be an effective method to inhibit the spoilage 

caused by Alicyclobacillus spp. (Cerny et al., 2000; Bahçeci et al., 2003).   

 

B. Taxonomy of Alicyclobacillus spp. 

Alicyclobacillus was discovered in the late 1960 and the bacteria were presumed to 

belong to the genus Bacillus.  In 1967, the first acidophilic endospore-forming bacteria 

were isolated from thermal waters in Tokohu, Japan (Uchino & Doi, 1967).  The pH 

range of growth was between 2.3 and 5.0 with a temperature range of 45 °- 71 °C.  

These bacteria were named Bacillus acidocaldarius, but were originally classified as 

Bacillus coagulans based on their morphology (Uchino & Doi, 1967).  Bacteria with 

similar characteristics were isolated from a variety of thermal acidic environments in 

1971 in the United States of America (USA), including the hot springs in Yellowstone 

National Park (Darland & Brock, 1971).  The pH range of growth was reported to be 

between 2 and 6, with a temperature range of 45 °- 70 °C.   

In 1981, Hippchen et al. isolated an unknown heat-acid-tolerant Bacillus from soil 

with a lower optimum growth temperature, different biochemical characterisation and 

DNA base composition compared to Bacillus acidocaldarius.  In addition to this, in 1982, 

the first spoilage incident caused by acidophilic endospore-formers was reported in 

Germany in aseptically packed apple juice with a pH of 3.15 (Cerny et al., 1984).  The 

spoilage was characterised by a light cloudiness and an unpleasant taste and odour, 

similar to that of disinfectant (Eiora et al., 1999).  In 1987 Deinhard et al. showed that 

the bacteria previously isolated by Hippchen et al. (1981) and Cerny et al. (1984) were 

different from the B. acidocaldarius described by Darland & Brock (1971), therefore, the 

new species was named B. acidoterrestris (Deinhard et al., 1987a). 
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A new genus, Alicyclobacillus was proposed in 1992 due to the three stains  

B. acidocaldarius, B. acidoterrestris and B. cycloheptanicus being sufficiently different 

from other Bacillus spp. based on comparative ribosomal DNA (rDNA) sequencing 

(Wisotzkey et al., 1992).  Several new species belonging to the genus Alicyclobacillus 

have been isolated from a variety of environments and species first classified in the 

genus Sulfobacillus have also been reclassified as members of the genus 

Alicyclobacillus (Karavaiko et al., 2005).  To date, 20 species and two subspecies 

belong to this genus Alicyclobacillus (Anon., 2010a).  

 

C. Characteristics of Alicyclobacillus spp. 

Alicyclobacilli are thermophilic, acidophilic bacteria (TAB) with a growth temperature of 

20 ° -70 °C and a growth pH range of between 2.5 and 6 (Pettipher et al., 1997; Walls & 

Chuyate, 1998; Orr et al., 2000; Yamazaki et al., 2000).  The species of Alicyclobacillus 

are aerobic with the exception of A. pohliae that is sometimes facultative anaerobic 

(Imperio et al., 2008).  Alicyclobacillus spp. are rod-shaped, non-pathogenic, 

endospore-formers and usually Gram-positive.  In many of the species the old cultures 

have a tendency to be Gram variable (Darland & Brock, 1971; Walls & Chuyate, 1998; 

Goto et al., 2003; Karavaiko et al., 2005; Goto et al., 2007) and Alicyclobacillus 

sendaiensis is the only Gram-negative species that is a member of the genus (Tsuruoka 

et al., 2003).   

Species of Alicyclobacillus have a unique and characteristic fatty acid profile that 

contains ω-alicyclic fatty acid as the major membrane component (Wisotzkey et al., 

1992; Walls & Chuyate, 1998; Albuquerque et al., 2000).  The exception to this is 

Alicyclobacillus pomorum that has no ω-alicyclic fatty acids in its membrane, but 

straight- and branched-chain saturated fatty acids.  This bacterium is classified as 

belonging to the genus Alicyclobacillus based on phylogenetic analyses of the 16S 

ribosomal RNA (rRNA) and DNA gyrase B subunit (gyrB) gene sequences (Goto et al., 

2003).  The following bacteria were also classified as belonging to the genus 

Alicyclobacillus with a similar fatty acid profile than A. pomorum, namely  

A. contaminans, A. macrosporangiidus (Goto et al., 2007), A. pohliae (Imperio et al., 

2008) and A. ferrooxydans (Jiang et al., 2008).  The membrane of A. acidocaldarius, A. 

acidoterrestris, A. hesperidium, A. acidophilus, A. disulfdooxidans, A. sendaiensis, A. 

vulcanalis, A. sacchari and A. fastidiosus consist predominately of ω-cyclohexane fatty 

acids (Darland & Brock, 1971; De Rosa et al., 1971; Oshima & Ariga, 1975; Deinhard et 

al., 1987a; Dufresne et al., 1996; Albuquerque et al., 2000; Matsubara et al., 2002; 
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Tsuruoka et al., 2003; Simbahan et al., 2004; Karavaiko et al., 2005; Goto et al., 2007) 

while A. cycloheptanicus, A. herbarius, A. kakegawensis and A. shizuokensis are mainly 

compose of ω-cycloheptane fatty acids (Poralla & König, 1983; Allgaier et al., 1985; 

Deinhard et al., 1987b; Goto et al., 2002; Goto et al., 2007).    

Alicyclobacillus spp. has a resistance to high temperatures and low pH due to the 

ω-alicyclic fatty acids and hopanoids.  The ω-alicyclic fatty acids-containing lipids in the 

membrane of these bacteria are packed densely in a cyclohexane ring structure.  This 

structure stabilise the membrane and influences the permeability of the membrane, 

resulting in a protective coating enabling the cells to survive extreme conditions of 

acidity and high temperatures (Kannenberg et al., 1984; Wisotzkey et al., 1992; Chang 

& Kang, 2004).  This is an important mechanism of thermoacidophilic bacteria for 

membrane adaptation under various conditions (Kannenberg et al., 1984).  Hopanoids 

are also present in the membrane of a number of species (Poralla et al., 1980; 

Hippchen et al., 1981) and also have a stabilising effect by decreasing the mobility of 

the acyl chain of the lipids in the cytoplasmic membrane.  This mechanism provides an 

advantage in a low pH environment by hindering the passive diffusion of protons and 

solutes through the membrane.  Therefore, the organism can easily establish 

approximately neutral cytopalsmic pH (Poralla et al., 1980).  A high concentration of 

hapanoids counterbalances the low viscosity of the branched-chain fatty acids, 

providing a more stable membrane (Krischke & Poralla, 1990). 

 

D. Spoilage by Alicyclobacillus 

The spoilage caused by Alicyclobacillus spp. was previously regarded as sporadic, 

however, a survey done in 1998 by the National Food Processors Association (NFPA) 

of the USA showed that a large amount of fruit juice spoilage are directly associated 

with members of this genus.  The survey indicated that 35% of respondents 

experienced spoilage consistent with the growth of acidophilic endospore-formers 

(Walls & Chuyate, 1998).  The spoilage of products occurred seasonally, in spring or 

summer, and most commonly occurred in apple juice (Walls & Chuyate, 1998; Pettipher 

& Osmundson, 2000).  A similar survey was conducted by the European Fruit Juice 

Association (AIJN) in 2005.  Of the 68 participants involved, 31 (45 %) experienced 

Alicyclobacillus spp. related problems in the three years preceding the survey.  Sixteen 

of the incidences was intermediately to majorly severe.  Eighteen of the incidences 

involved apple raw materials and in 13 incidences A. acidoterrestris was reported to be 

the cause of the spoilage (Howard, 2006). 
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The source of contamination of fruit juices has been identified as Alicyclobacillus 

contaminated soil present on the fruit and vegetables that enter the processing plant 

(Deinhard et al., 1987a; Brown, 1995; Groenewald et al., 2008).  Alicyclobacillus 

acidoterrestris was isolated from orchard soil, wash water, water from evaporator inlet, 

soil outside the fruit concentrate factory and flume water. While strains of  

A. acidocaldarius were isolated from orchard soil, pre-pasteurised pear purees and from 

vinegar flies (Groenewald et al., 2008; 2009).  Water is a possible vector of 

contamination in the processing environment, aspecially when recycled water is used in 

the production of fruit juices and concentrates (McIntyre et al., 1995; Walls & Chuyate, 

1998; Jensen, 1999).   

Spoilage by species of Alicyclobacillus are difficult to detect and can occur 

without visible changes.  Only a light sediment and a cloudiness or haze may be 

present in contaminated fruit juices (Walker & Phillips, 2005), with no gas production 

(Walls & Chuyate, 1998).  The growth of Alicyclobacillus spp. does not affect the pH of 

the juice (Brown, 2000) and the only obvious indication of spoilage is the formation of a 

medicinal or phenolic off-flavour (Walls & Chuyate, 1998; Pettipher & Osmundson, 

2000; Walker & Phillips, 2005).  The spoilage was described as being a flat-sour type 

spoilage.  In many incidences spoilage was only reported as customer complaints 

(Walls & Chuyate, 1998; Walker & Phillips, 2005).   

According to studies done by Splittstoesser et al. in 1994 and 1998, apple, white 

grape and tomato juices are predominantly vulnerable to spoilage by A. acidoterrestris.  

Although spoilage of more diverse products such as self-stable iced tea containing berry 

juice, the ingredients of rose hip and hibiscus teas (Duong & Jensen, 2000), a 

carbonated fruit drink (Pettipher & Osmundson, 2000), diced canned tomatoes (Chang 

& Kang, 2004) and Aloe vera juice (Duvenagen, 2006) have been reported, spoilage of 

orange (Pinhatti et al., 1997; Eiora et al., 1999; Komitopoulou et al., 1999) and apple 

juice (Walls & Chuyate, 1998; Pettipher & Osmundson, 2000; Durak et al., 2010) are 

most frequently reported.  Alicyclobacillus acidoterrestris was also isolated from an 

apple-cranberry juice blend (Splittstoesser et al., 1994), blending water used in fruit 

juice, berry juice, citrus juices (McIntyre et al., 1995; Durak et al., 2010) and pear juice 

(Duvenage et al., 2007).  Four strains isolated by Yamazaki et al. (1996) were all 

identified as A. acidoterrestris and was responsible for the production of guaiacol in 

various acidic juices, isotonic water, lemonade, fruit juice blends and fruit-carrot juice 

blends.  Alicyclobacillus acidoterrestris was also responsible for guaiacol formation at 

levels of 1 to 100 ppb in orange juice, apple juice and non-carbonated fruit juice 
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containing drinks (Pettipher et al., 1997).  Although A. acidoterrestris is primarily 

responsible for spoilage and the production of the taint compound, guaiacol other 

species including A. acidiphilus (Matsubara et al., 2002; Anon., 2006; Goto et al., 2008), 

A. hesperidum (Gocmen et al., 2005; Goto et al., 2008), A. cycloheptanicus (Gocmen et 

al., 2005), A. herbarius (Anon., 2006; Goto et al., 2008) and A. acidocaldarius (Smit, 

2009) also have the ability to produce guaiacol.  

Certain neutral phenolic compounds in red grape juice prevent spoilage by 

Alicyclobacillus spp.  Catechingallate, the phenolic compound in red grape juice was 

added to apple juice and inhibited the germination of Alicyclobacillus endospore 

(Splittstoesser et al., 1994; 1998).  The acidific phenolics in red grape juice, such as 

trans-caffeoyl tartaric acid and cis-coumaroyl tartaric acid did not have an inhibitory 

effect on the growth of Alicyclobacillus (Splittstoesser et al., 1994).  Table wines also do 

not support the spoilage by Alicyclobacillus spp., possibly due to the high ethanol 

concentration that exceeds 6 % (v/v) (Splittstoesser & Churey, 1996).   

The growth of Alicyclobacillus spp. is affected by the soluble solids (SS) content 

of the juices (Splittstoesser et al., 1994).  Tomato juice, with a higher pH and lower SS 

permitted the most growth of Alicyclobacillus, followed by apple juice and growth did not 

occur in the presence of the high sugar levels common in grape juice. However, a 

reduction in the sugar concentration of the white grape juice to 16 °Brix resulted in 

maximum growth (Splittstoesser et al., 1994), while a sugar content exceeding 18 °Brix 

inhibits the growth of Alicyclobacillus (Splittstoesser et al., 1994).  Thus, the growth of 

Alicyclobacillus spp. is inhibited in juice concentrates, but after dilution to form single 

strength juice, the endospores present in the concentrate can germinate and cause 

spoilage (Pettipher & Osmundson, 2000). 

Not all the strains belonging to the genus Alicyclobacillus can grow in fruit juices.  

Endospores of Alicyclobacillus acidoterrestris (DSM 2498) and Alicyclobacillus spp. 

(SSICA 278/B, SSICA Ar23) germinated and grew in apple juice at 30 °, 37 ° and 50 °C 

(pH 3.4), the strains SSICA B and SSICA 3998A (with similar characteristics than A. 

acidocaldarius) grew at 50 °C, while SSICA 3998A also grew at 37 °C.  Alicyclobacillus 

acidocaldarius (DSM 446) was the only strain that did not grow in apple juice.  None of 

these strains germinated in apricot nectar (pH 3.6), while DSM 2498, SSICA 278/B and 

SSICA Ar23 grew at 30 °, 37 ° and 50 °C in orange (pH 3.65), pear (pH 3.6) and tropical 

fruit (pH 3.51) nectars.  Strains DSM 2498 and SSICA Ar23 were able to grow at 37 ° 

and 50 °C in peach nectar and at  30 °, 37 ° and 50 °C in pineapple nectar.  
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Alicyclobacillus acidocaldarius strain DSM 446 was unable to germinate in any of the 

products (Lusardi et al., 2000). 

The growth of A. acidoterrestris is also influenced by the amount of headspace in 

the packaging of fruit juice.  The growth rates are higher in partially filled containers than 

in full containers.  The partially filled containers provide optimum aerobic conditions for 

the growth of A. acidoterrestris.  It has also been shown that intermittent shaking of the 

contaminated juice before sampling increases the growth of A. acidoterrestris on 

isolation media and increase the probable detection of the bacteria in fruit juice (Walker 

& Philips, 2005). 

 

E. Isolation and enumeration of species of Alicyclobacillus 

A selection of media used for the isolation and enumeration of Alicyclobacillus spp. 

have been summarised in Table 1.  Studies have shown a great contrast of which 

media to use for the enumeration of Alicyclobacillus spp.  According to Pettipher et al. 

(1997) Bacillus acidocaldarius (BAM), potato dextrose agar (PDA) and orange serum 

agar (OSA) all performed well, with OSA having the highest recovery.  The medium for 

the most effective recovery of Alicyclobacillus endospores is K agar (Orr & Beuchat, 

2000; Marray et al., 2007), Alicyclobacillus (ALI) medium and Bacillus acidoterrestris 

(BAT) agar (Marray et al., 2007).  K agar and BAT agar are also effective for the 

recovery of A. acidoterrestris and A. acidocaldarius, respectively (Jensen, 2005).  BAT 

agar (pH 4), using the spread plate technique, gave the highest recovery of cells and is 

used as a standard international method for the detection of Alicyclobacillus spp. (IFU, 

2007).  According to Witthuhn et al. (2007), PDA (pH 3.7) and OSA (pH 5.5) plates, 

incubated at 50 °C for 3 to 5 days, gave the highest recovery of Alicyclobacillus 

vegetative cells and endospores compared to BAM (pH 4), K agar (pH 3.7) and YSG 

(pH 3.7).  The pH of the media (either 3.7 or 5.5) did not have a significant influence on 

the recovery, however, higher recovery was reported at 50 °C than at 43 °C. An 

incubation time longer than 3 days did not give a significantly different recovery of 

Alicyclobacilllus endospores (Witthuhn et al., 2007).  Marray et al. (2007) reported that 

spread plating recovered higher numbers than pour plating and that viable endospores 

were detected after 3 days of incubation at 43 °C (Marray et al., 2007).  In contrast with 

this and a previous study (Pettipher et al., 1997), Jensen (2000) found that spread and 

pour plating had similar recoveries of Alicyclobacillus spp. from a high oxygen 

environment and spread plates gave higher recoveries from reduced oxygen 

environments. 
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Table 1 Media used for the isolation of Alicyclobacillus species 

Name Reference 

Bacillus acidocaldarius medium (BAM)   

Bacillus acidoterrestris (BAT) medium 

Deinhard et al., 1987a; IFU, 2007 

Deinhard et al., 1987a; IFU, 2007 

Alicyclobacillus (ALI) medium Wisse & Parish, 1998 

Potato dextrose agar (PDA) Bevilacqua et al., 2008 

K agar Walls & Chuyate, 1998 

SK agar Chang & Kang, 2005 

Orange serum agar (OSA) Bevilacqua et al., 2008b 

Yeast starch glucose (YSG) medium Goto et al., 2002 
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F. Taint compounds 

The food industry often receives customer complaints concerning off-flavours or taints in 

food products (Whitfield, 1998; Chang & Kang, 2004).  The term taint is frequently used 

to describe the compounds that are responsible for off-flavour and odours in spoiled 

food products (Whitfield, 1998).  The off-flavours that are associated with the spoilage of 

food products caused by Alicyclobacillus spp. can either be due to the production of 

guaiacol (Pettipher et al., 1997; Splittstoesser et al., 1998) or the halophenols,  

2,6-dibromophenol (2,6-DBP) and 2,6-dichlorophenol (2,6-DCP) (Borlinghaus & Engel, 

1997).  However, guaiacol is accepted as the predominant metabolite associated with 

taint production in fruit juices (Pettiper et al., 1997; Jensen, 2000; Jensen & Whitfield, 

2003).  The lower concentration of halophenols that occur in fruit juice and the high 

volatility of guaiacol is probably the reason for the predominance of guaiacol as taint 

compound (Jensen, 2000).  In pear and orange juice inoculated with A. acidoterrestris 

strains (SSICA Ar23 and SSICA 278/B) and incubated at 37 °C, 2,6-DBP was not 

detected (detection limit of 0.05 µg kg-1), while guaiacol was detected in all the samples 

ranging from 87 – 294 µg kg-1 (Lusardi et al., 2000).  In the United Kingdom and 

Germany, guaiacol was identified as the off-flavour in orange juice (Pettipher et al., 

1997) and 2,6-DBP was identified in apple juice (Borlinghaus & Engel, 1997).  Guaiacol, 

2,6-DBP and 2,6-DCP were identified in mixed juices contaminated with A. 

acidoterrestris (Jensen, 1999). 

 

Guaiacol (2-methoxyphenol) 

Guaiacol (Fig. 1) produces an undesirable odour in fruit juice resulting in an unpleasant 

smoky, medicinal or phenolic-like taint (Pettipher et al., 1997; Jensen, 2000).  Guaiacol 

can also be produced in acidic beverages of non-fruit juice content when vanilla flavour 

is added for aromatic essence (Niwa & Kawamoto, 2003).  Incidences of guaiacol 

production have been reported in different substrates, including wine (Simpson et al., 

1986), chocolate ice cream (Saxby, 1993), chocolate milk (Jensen et al., 2001), vanilla 

yoghurt (Whitfield, 1998), fruit juice and fruit juice-containing drinks (Pettipher et al., 

1997; Orr et al., 2000).  Bacterial strains present in cork stoppers, such as Bacillus 

subtilus and Streptomyces strains can be responsible for the presence of guaiacol in 

wines, referred to as cork taint (Simpson et al., 1986; Álvarez-Rodríquez et al., 2003).   

Guaiacol may not only be present in food products due to microbial activity, but 

may also be present as a product of the heat degradation of phenolic compounds  
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Figure 1 The structure of guaiacol (Chang & Kang, 2004). 
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(Mayer et al., 1999; Chang & Kang, 2004).  In the case of roasted products, wine oak 

barrels and natural cork guaiacol is formed by the thermal decomposition of phenolic 

compounds (Simpson et al., 1986; Chang & Kang, 2004). Although guaiacol is better 

known for its undesirable smell or off-flavour (Whitfield, 1998), it gives the characteristic 

smell to roasted Arabica coffee (De Maria et al., 1994; Mayer et al., 1999) and barley 

malt (Fickert & Schieberle, 1998).  The flavour is recorded as a sweet, burnt aroma with 

a smoky taste (Wasserman, 1966).  In fruit based products, guaiacol has been identified 

as the chemical responsible for off-odour described as medical or antiseptic (Brown, 

1995; Walls & Chuyate, 1998).  The aroma of guaiacol was also described by Pettipher 

& Osmundson (2000) as a hammy off-odour similar to smoky bacon.  

The best estimated threshold (BET) value for taste in apple juice is 2 µg L-1  

(2 ppb) and for odour it is 2.32 ppb (Pettipher et al., 1997; Orr et al., 2000).  Eisele & 

Semon (2005) indicated the BET values for taste in water and apple juice as 0.17 ppb 

and 0.24 ppb, respectively with the odour threshold in water and apple juice being 0.48 

ppb and 0.91 ppb, respectively.  However, Siegmund & Pöllinger-Zierler (2006) reported 

an odour threshold of 0.5 ppb in apple juice.  The variation in the different threshold 

values might be due to differences in the sensitivity and training of the panel members 

used to conduct the sensory studies (Eisele & Semon, 2005). 

Guaiacol is formed from ferulic acid via vanillin and vanillic acid by  

A. acidoterrestris (Fig. 2) (Niwa & Kawamoto, 2003).  The formation of guaiacol in apple 

juice is dependent on the concentration of vanillin present in the juice.  When the vanillin 

concentration is no longer available, the increase in the guaiacol concentration in the 

apple juice stabilises (Bahçeci et al., 2005a).  Furthermore, the guaiacol production by 

Alicyclobacillus spp. is affected by the concentration of Alicyclobacillus spp. (Chang & 

Kang, 2004).  A concentration of 105 cfu mL-1 of A. acidoterrestris was needed in apple 

and orange juice for the production of guaiacol (Pettipher et al., 1997).  According to 

Bahçeci et al. (2005a) guaiacol formation from vanillin starts when the cell concentration 

in the apple juice reaches 104 cfu mL-1.   

Storage temperature influences the growth of Alicyclobacillus spp. and as a 

result the production of guaiacol (Pettipher et al., 1997; Bahçeci et al., 2005a). The 

growth of A. acidoterrestris is not favoured at 25 °C (Bahçeci et al., 2005a) and the rate 

of guaiacol production increases with the increase in growth (Chang & Kang, 2004).  

Although guaiacol can be produced at 25 °C, a longer lag phase in guaiacol production 

is observed (Smit, 2009).  Higher concentrations of guaiacol were produced in orange 
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Figure 2 The proposed pathway of guaiacol production by A. acidoterrestris from ferulic 

acid via vanillin and vanillic acid (Niwa & Kawamoto, 2003). 
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and apple juice at 46 °C than at 37 °C (Jensen, 2000) and guaiacol was not detected in 

apple and orange juice stored at 4 °C (Pettipher et al., 1997). 

Vegetative cells of Alicyclobacillus spp. have to be present for guaiacol 

production to occur.  Therefore, a heat shock treatment is needed to activate the 

dormant endospores.  At a low cell concentration of Alicyclobacillus a heat shock 

treatment of 80 °C for 10 min gave significantly higher cell concentrations than 60 °C for 

10 min or 100 °C for 5 min.  However, no significant differences were observed between 

the heat shock methods when endospores were inoculated at higher concentrations 

(Walls & Chuyate, 2000).  According to Pettipher et al. (1997) a heat shock treatment is 

not required to induce germination, but the rate of germination is slower when heat 

shock is not applied. 

 

Halophenols 

Although guaiacol is the predominant off-flavour compound associated with fruit juice 

spoilage by Alicyclobacillus species, several halophenols, particularly 2,6-DBP (Fig. 3) 

and 2,6-DCP (Fig. 3) are produced by A. acidoterrestris strains (Jensen & Whitfield, 

2003). The halophenols are also described as having a medicinal, antiseptic or 

disinfectant-like odour and flavour (Jensen, 2000; Gocmen et al., 2005).  Halophenols 

occur in lower concentrations than guaiacol (Jensen, 2000) and in most cases, the 

halophenols have been detected in concomitant to guaiacol (Gocmen et al., 2005).  The 

production of the halophenols also seems to be strain or species specific (Gocmen et 

al., 2005).  In a study done by Gocmen et al. (2005) Alicyclobacillus hesperidum and a 

presumptive Alicyclobacillus strain (UFL-CA8) produced 2,6-DCP in orange juice 

incubated at 45 °C, while A. acidoterrestris (ATCC 49025), Alicyclobacillus 

cycloheptanicus (ATCC 49029) and a presumptive Alicyclobacillus strain (UFL-CA11) 

produced 2,6-DBP.  In this study Alicyclobacillus cycloheptanicus was the only species 

tested that produced both 2,6-DCP and 2,6-DBP. 

 

G. Pathway of guaiacol production 

Several microbes can produce guaiacol, including Bacillus megaterium (Crawford & 

Olson, 1978), Bacillus subtilis (Álvarez-Rodríguez et al., 2003), Pseudomonas 

acidovorans (Vicuña et al., 1987), Paecilomyces variotii (Rahouti et al., 1989), 

Rhodotorula rubra (Huang et al., 1993), Sporotrichum thermophile (Topakas et al., 

2003), Streptomyces setonni and Streptomyces strains (Pometto et al., 1981;  
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Figure 3 The structure of 2,6-dibromophenol (Anon., 2010b) and 2,6-dichlorophenol 

(Anon., 2010c). 
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Crawford & Olson, 1978; Álvarez-Rodríguez et al., 2003), as well as Alicyclobacillus 

acidoterrestris (Niwa & Kawamoto, 2003; Bahçeci et al., 2005a).  Guaiacol is formed 

from vanillic acid by B. megaterium (Crawford & Olson, 1978), B. subtilis (Álvarez-

Rodríguez et al., 2003) and Streptomyces strains (Crawford & Olson, 1978) and during 

the metabolism of ferulic acid by P. variotii (Rahouti et al., 1989), R. rubra (Huang et al., 

1993) and Sporotrichum thermophile (Topakas et al., 2003).  In fruit juice guaiacol is 

formed by Alicyclobacillus from ferulic acid via vanillin (Jensen, 2000; Niwa & 

Kawamoto, 2003; Bahçeci et al., 2005a).  In these pathways vanillic acid is the 

immediate precursor of guaiacol (Jensen et al., 2001). 

The microbial production pathway of guaiacol and other products from ferulic acid 

is illustrated in Fig. 4.  Ferulic acid, the precursor compound in lignin biosynthesis or the 

product of lignin degradation (Ishikawa et al., 1963), is metabolised to vanillic acid and 

vanillin by different bacteria (Kawakami, 1980; Sutherland et al., 1983) and fungi 

(Henderson, 1961; Ishikawa et al., 1963; Toms & Wood, 1970; Tadasa, 1977).  

Fusarium solani (Nazareth & Mavinkurve, 1986), P. variotii, Pestalotia palmarum 

(Rahouti et al., 1989), Pseudomonas cepacia (Andreoni et al., 1984), Bacillus 

coagulans (Karmakar et al., 2000), S. thermophile (Topakas et al., 2003) and 

Debaryomyces hansenii (Mathew et al., 2007) can also convert ferulic acid to  

4-vinylguaiacol.  Vanillin is mostly formed directly from ferulic acid by oxidative two-

carbon fragmentation (Sutherland et al., 1983; Peleg et al., 1992). Vanillin mayalso be 

formed via 4-vinylguaiacol by the cleavage of the vinyl bond (Nazareth & Mavinkurve, 

1986; Rahouti et al., 1989).  Vanillin is then oxidised to vanillic acid, which can form 

methoxyhydroquinone by oxidative decarboxylation or guaiacol is formed from vanillic 

acid by non-oxidative decarboxylation (Rahouti et al., 1989).  Vanillyl alcohol can also 

be formed from vanillin (Ishikawa et al., 1963; Ander, 1983; Hatakka, 1985).  This 

pathway is possibly followed to eliminate toxic levels of vanillin (Ander et al., 1980; 

Rahouti et al., 1989).   

The pathway for the formation of guaiacol by different fungi and bacteria is the 

non-oxidative decarboxylation of vanillic acid (Crawford & Olsen, 1978; Pometto et al., 

1981; Sutherland et al., 1983; Rahouti et al., 1989).  Streptomyces setonii and 

Streptomyces strains produce guaiacol from vanillic acid by decarboxylation and 

guaiacol can be demethylated to catechol (Pometto et al., 1981, Rahouti et al., 1989).  

Vanillic acid can also be demethylated to protocatechuic acid by the fungi, Polyporus 

dichrous and F. solani (Nazareth & Mavinkurve, 1986) and by the bacteria, P. cepacia 

(Andreoni et al., 1984) and S. setonii (Sutherland et al., 1983).   
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Figure 4 Metabolic pathway for guaiacol and other product production from ferulic acid 

(Ishikawa et al., 1963; Crawford & Olson, 1978; Pometto et al., 1981; Nazareth & 

Mavinkurwe, 1986; Rahouti et al., 1989; Huang et al., 1993). 
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The metabolic pathway for guaiacol formation by members of the genus 

Alicyclobacillus is also one of non-oxidative decarboxylation of vanillic acid, the 

oxidation product of vanillin (Chang & Kang, 2004).  In this pathway, ferulic acid is 

converted to vanillin or 4-vinylguaiacol by decarboxylation and 4-vinylguaiacol can then 

be converted back to vanillin by oxidation.  Vanillin is oxidised to vanillic acid, which 

then transform to guaiacol by non-oxidative decarboxylation (Crawford & Olsen, 1978; 

Pometto et al., 1981; Huang et al., 1993; Rosazza et al., 1995).  Vanillic acid is rapidly 

converted to guaiacol by vanillic acid decarboxylase (Niwa & Kawamoto, 2003).  This 

vanillic acid decarboxylase gene is present in A. acidoterrestris, in the actinomycetes, 

Streptomyces strain D7 and Streptomyces lividans and in Bacillus subtilus (Chow et al., 

1999). 

 

H. Possible precursors of guaiacol production 

According to the proposed pathway for guaiacol production, the phenolic acids, vanillic 

acid, vanillin and ferulic acid as well as the amino acid tyrosine are precursors for 

guaiacol (Crawford & Olsen, 1978; Pometto et al., 1981; Huang et al., 1993; Rosazza et 

al., 1995; Jensen, 2000; Niwa & Kawamoto, 2003).  Orange juice contains 3.4 - 13.5 µg 

mL-1 tyrosine and apple juice contains approximately 4.1 µg mL-1 tyrosine (Jensen, 

2000).  However, the widely accepted guaiacol synthetic pathway is that of lignin or 

ferulic acid degradation (Chang & Kang, 2004). 

Ferulic acid is an abundant natural aromatic phenolic compound (Rosazza et al., 

1995), commonly found in fruits, vegetables, grains, beans, leaves, seeds, nuts, 

grasses, flowers and other types of vegetation (Herrmann, 1989).  This compound is 

responsible for the structural rigidity of plants, strengthens the cell wall by cross-linking 

pentosan chains, arabinoxylans and hemicelluloses (Graf, 1992).  The phenolic acids, 

vanillic acid and vanillin that form part of the proposed pathway for guaiacol production 

are also found in nature.  Vanillic acid is present in the fruit juice as a derivative of lignin 

or product of several microbes (Chang & Kang, 2004).  The vanillic acid content of 

apple juice tested by Piacquadio et al. (2002) was 10.07 (± 1.13) mg L-1.  Vanillin is 

present in several fruit and fruit products (Goodner et al., 2000), including mango 

(Sakho et al., 1997), orange juice (Martin et al., 1992), strawberries (Pyysalo et al., 

1979), wines (Spillman et al., 1997) and appel cider brandy (Mangas et al., 1997).  In 

orange, tangerine, lemon, lime and grape fruit juice vanillin concentrations were present 

from 0.20 to 0.60 ppm and the pasteurisation treatment of grape fruit juice increased the 

vanillin concentration with 15% (Goodner et al., 2000).  Peleg et al. (1992) showed that 
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vanillin is formed in model solutions of orange juice stored at 35 ° and 45 °C as a 

possible product of ferulic acid degradation.   

Ferulic acid is metabolically derived in plants from cinnamic acid (Gross, 1985) 

and exist naturally as trans or cis isomers (Agarwal & Atalla, 1990).  Figure 5 illustrates 

the biosynthetic pathway of CO2 to lignin, showing this compound as a phenolic 

monomer of lignin (Higuchi et al., 1977).  Ferulic acid can be present in its free state as 

the primary product of thermal decomposition of lignin (Fiddler, 1967) or linked to 

carbohydrates as glycosidic conjugates and forms various esters and amides with a 

wide variety of natural products, including polysaccharides, flavonoids, tryptamine and 

amino acids (Friend, 1981; Martin-Tanguy, 1985; Herrmann, 1989; Graf, 1992).  The 

ability of bound and conjugated ferulic acid to serve as a source of ferulic acid depends 

on the type of each linkage with ferulic acid (Peleg et al., 1988).  The potential sources 

of free ferulic acid in orange and grapefruit are feruloylputrescine, feruloylglucose, 

feruloylglucaric, diferuloylglucaric and feruloylgalactaric acids (Wheaton & Stewart, 

1965; Reschke & Herrmann, 1981; Risch et al., 1987; Risch et al., 1988).  In apple 

juice, apple pomace and peach juice, ferulic acid, caffeic acid and p-coumaric acid 

occur as free cinnamic acids derived from the corresponding naturally-occuring esters 

(Van Buren, 1976; Treutter, 2001), feruloyl glucose, chlorogenic acid and p-coumaroyl 

quinic acid (Pérez-Ilzarbe et al., 1991; Hernandez et al., 1997).  Fruit and fruit juices 

contain different concentrations of ferulic acid (Karmakar et al., 2000) and commercial 

pectic enzymes or the enzymatic activity of microbes in the juice can be responsible for 

the release of ferulic acid from the plant derived tissues.  The apple juice tested by 

Piacquadio et al. (2002) consisted of 14.46 (± 1.31) mg L-1 ferulic acid.  Therefore, the 

substrates, ferulic acid, vanillin and vanillic acid required for the production of guaiacol 

can be naturally present in fruit juices and if microbes with the appropriate enzyme 

systems are present at the ideal environmental condition, ataint is formed (Chang & 

Kang, 2004).   

 

I. Influence of processing technologies on phenolic compounds 

Each fruit species and variety can be characterised by the composition of their phenolic 

compounds (Peréz-Ilzarbe et al., 1991).  The composition of the chemicals in the fruit 

product varies according to the cultivar, growing region, climate, maturity, cultural 

practices (Van Buren, 1976; Hernandez et al., 1997), manufacturing treatments, 

including thermal and enzymatic treatments (Schols et al., 1991; Treutter, 2001), and  
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Figure 5 The biosynthetic pathway of CO2 to lignin (Higuchi et al., 1977). 
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the storage conditions of the fruit or final fruit products (Spanos & Wrolstad, 1992).  

These treatments may result in an increased degradation and oxidation of the phenolic 

compounds (Treutter, 2001). 

The phenolic compounds in fruits are also not uniformly distributed at subcellular 

level or in the tissue.  Simple soluble phenols are located mainly in the cell vacuoles 

and lignins are located in the cell walls (Higuchi, 1990).  This is important in relation to 

the chemical composition of industrial manufactured food products (Macheix et al., 

1990).  The particular distribution of phenolic compounds and the technological 

processes employed influence the release of compounds through the rupture of 

vacuoles and cell walls (Hernandez et al., 1997). 

Pectic enzymes can also be used to facilitate juice extraction or pressing.  During 

manufacturing of concentrates, pectinase and cellulase are used to break down pectins 

and improve the yield during crushing and pressing (Joshi et al., 1991; Di Cesare et al., 

1993).  Pectinase and amylase are used to remove suspended particulate matter and 

clarify the concentrates (Bengoechea et al., 1997).  Addition of pectinase before thermal 

treatment causes specific changes in the phenolic composition of juice.  The esters of 

caffeic, p-coumaric and ferulic acid are hydrolysed to their corresponding free cinnamic 

acids (Bengoechea et al., 1997).  However, the final effect of hydrolysis depends on the 

nature of the fruit juice (Spanos et al., 1990; Kermasha et al., 1995; Bengoechea et al., 

1997; Hernandez et al., 1997).  Donaghy et al. (1999) reported that yeasts in 

unpasteurised juice, present as pre-processing contaminants, can also release free 

phenolic acids into the apple juice by feruloyl esterase activity.   

The initial heat treatment after pressing protects the cinnamic acids from 

enzymatic oxidation and inactive polyphenol oxidase.  Polyphenol oxidase activity 

continues before and during processing of pulp until the high temperature short time 

treatment commences (Van Buren, 1976; Spanos et al., 1990).  At the bottling stage 

clarification enzymes are precipitated by pasteurisation (Montgomery & Petropakis, 

1980; Spanos et al., 1990; Spanos & Wrolstad, 1992).  

 

J. Detection and quantification of guaiacol and phenolic acids 

The taint compound, guaiacol can be detected by using sensory (Orr et al., 2000; Eisele 

& Semon, 2005), chemical (Bahçeci & Acar, 2007) or analytical (Zierler et al., 2004; 

Bahçeci et al., 2005a) methods.  Analytical methods, such as gas chromatography (GC) 

and high performance liquid chromatography (HPLC) are used for the identification of 

guaiacol (Chang & Kang, 2004) and can be used to quantify the amount of guaiacol that 
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is present in a sample (Gökmen et al., 2001; Chang & Kang, 2004; Bahçeci & Acar, 

2007).  These methods are also used in quantitative analysis of phenolic acids in media 

and beverages (Kermasha et al., 1995; Proestos et al., 2006; Bahçeci & Acar, 2007).  A 

chemical method, also described as the peroxidase method, can also be applied to 

identify and quantify guaiacol and is based on a chemical reaction between guaiacol, 

peroxidase and hydrogen peroxide and the presence of guaiacol is measured as a 

colour or absorbance change (Niwa, 2004; Bahçeci & Acar, 2007).  Sensory methods 

are mostly used to indicate the presence or absence of off-flavours (Chang & Kang, 

2004). 

 

Sensory methods 

Sensory methods make use of olfactory senses to detect the presence of guaiacol 

(Chang & Kang, 2004).  Experienced panels are used to determine the recognition 

threshold of guaiacol odour (Orr et al., 2000) and taste by using a forced-choice 

ascending concentration method of limits (Eisele & Semon, 2005).  The sensory 

threshold of guaiacol is low and consumers without formal sensory training will not be 

able to detect the presence of guaiacol in fruit juices (Chang & Kang, 2004).  Orr et al. 

(2000) conducted a study to correlate levels of A. acidoterrestris cells in apple juice with 

guaiacol levels measured by chromatographic analysis and sensory perception of 

spoilage.  Guaiacol was detected by the panel in several samples in which guaiacol was 

not detected by the chromatographic analysis.  This indicated that the detection limit of 

BET is lower than that of chromatographic analysis (Orr et al., 2000).  However, 

Siegmund and Pöllinger-Zierler (2006) indicated that headspace solid phase 

microextraction (HS-SPME) is more sensitive than sensory methods. 

 

Chemical methods  

Chemical detection methods of guaiacol in products employs a colourimetric assay 

based on the oxidation of guaiacol in the presence of hydrogen peroxide by peroxidase 

enzymes (Doerge et al., 1997).  In this reaction, guaiacol radicals are produced formed 

guaiacol and the free guaiacol radicals react with each other to form a red-brown 

tetraguaiacol (Bahçeci & Acar, 2007).  This brown component, which has been 

identified as 3,3’-dimethoxy-4,4’-biphenoquinone (Doerge et al., 1997) cause a change 

in absorbance and is measured with a spectrophotometer at 420 nm (Bahçeci et al., 

2005a; b) or 470 nm (Doerge et al., 1997; Niwa & Kawamoto, 2003; Niwa & Kuriyama, 

2003).  Guaiacol can be quantified by comparing the absorbance of the sample to a 
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standard curve of the absorbance of known guaiacol concentrations. The amount of 

peroxidase and hydrogen peroxidase is constant and there is stoichiometry between the 

colour formed and the amount of guaiacol present in the sample (Bahçeci & Acar, 

2007). 

Spectrophotometric methods and HPLC method for guaiacol determination is not 

significantly different (p > 0.05) regarding sensitivity (Bahçeci & Acar, 2007).  The 

colourimetric method is a fast and simple method to determine guaiacol production if 

advanced instruments like a HPLC is not available.  However, there are some 

limitations with the use of spectrophotometric measurements, as the Ultraviolet-Visable 

(UV-Vis) spectrophotometric method that is based on peroxidise activity (Bahçeci et al., 

2005b) do not give satisfactory results at concentrations below 10 mg L-1 (Bahçeci & 

Acar, 2007). 

The colourimetric assay is widely used (Doerge et al., 1997) and also forms the 

basis of the guaiacol detection kit (Niwa & Kawamoto, 2003; Niwa & Kuriyama, 2003) 

developed by the Kyokuto Pharmaceutical Industrial Company Ltd, Japan and 

distributed by Cosmo Bio Company Ltd. (Anon., 2005).  The kit is used to determine the 

presence of guaiacol or the presence of species of Alicyclobacillus that can produce 

guaiacol (Niwa & Kawamoto, 2003; Niwa & Kuriyama, 2003).  A kit was also developed 

by the Döhler Group in Germany (Anon., 2006).  The detection kit do not give a clear 

prediction on the extent and risk of beverage spoilage, but can only be used for the 

detection of species of Alicyclobacillus that can produce guaiacol (Anon., 2006). 

 

Analytical methods  

Physico-chemical analyses usually include sample preparation, separation and 

detection.  The most common separation procedures for guaiacol detection are 

chromatography performed by HPLC (Bahçeci et al., 2005a; Bahçeci & Acar, 2007) and 

GC (Pettipher et al., 1997; Jensen et al., 2001; Pollnitz et al., 2004; Zierler et al., 2004; 

Gocmen et al., 2005).  Sample preparation or extraction procedure can be performed 

using liquid-liquid extraction (Pollnitz et al., 2004; Gocmen et al., 2005), solid phase 

extraction (Bieniek, 2003), and solid phase microextraction (SPME) (Wardencki et al., 

2004).  Mass spectrometry (MS) is a very specific, accurate and sensitive detection 

method that is often used with GC analysis (Pettipher et al., 1997; Orr et al., 2000; 

Zierler et al., 2004; Gocmen et al., 2005).  The mass spectrometer enables the 

simultaneous detection of the analyte and the determination of its structure (Wilson & 

Walker, 2005).  Headspace (HS) SPME GC-MS was used by Zierler et al. (2004) and 
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HS GC-MS used by Smit (2009) for the detection of guaiacol in juices.  Headspace-

SPME is a variation on the SPME extraction procedure, where volatile compounds are 

collected in the headspace of the container before the absorption by the SPME fiber 

and then the fiber is transferred directly to the injection port of the GC–MS system for 

analysis (Zierler et al., 2004). 

Reports of cinnamic acids in apple juice were previously based on semi- 

quantitative methods, including thin-layer chromatography or colorimetric procedures, 

however, with  advances in analytical techniques, including diode array detection 

(DAD), characterisation of the phenolic profiles and the changes that occur during 

pasteurisation, enzymatic clarification, fining, bottling, concentration and storage can be 

identified more accurately (Spanos et al., 1990).  Diode array detectors are used with 

HPLC methods to record the complete absorption spectrum of each analyte and aid in 

the identification by scanning the complete wavelength spectrum of the eluent within 

0.01 s and display a real time three-dimensional plot (Wilson & Walker, 2005).  

Reverse-phase (RP) HPLC with DAD is generally used to separate and quantify the 

phenolic compounds in grape juice (Spanos & Wrolstad, 1990), apple juice (Spanos et 

al., 1990; Kermasha et al., 1995; Hernandez et al., 1997), pear juice (Schieber et al., 

2001), peach juice (Hernandez et al., 1997) and the purée and concentrates of peach 

and apple fruits (Bengoechea et al., 1997).  RP HPLC applied a column consisting of a 

non-polar stationary phase, usually octadecyl silane (C18) groups attached to silica.  The 

mobile phase is relatively polar and water, aqueous buffers, methanol, acetonitrile, 

tetrahydrofuran or mixtures thereof are generally used (Wilson & Walker, 2005; 

Proestos et al., 2008). 

Although the analyses of the major phenolic compounds in apple juice are well 

documented (Wilson, 1981; Lea, 1982; Spanos et al., 1990), only a few studies reported 

on the analyses procedure applied for free hydroxycinnamic and hydroxybenzoic acids, 

the minor phenolic compounds in apple juice (Kermasha et al., 1995).  Kermasha et al. 

(1995) quantified caffeic, chlorogenic, p-coumaric, coumaroylquinic and ferulic acid in 

appel juice with RP-HPLC.  The detection limit of caffeic acid, chlorogenic acid and  

p-coumaric acid was 0.1 mg L-1 (at 320 nm) and of ferulic acid was 0.05 mg L-1 (at  

320 nm).  The major phenolic compounds, chlorogenic acid and coumaroylquinic acid 

were present at 31.12 - 52.04 mg L-1 and 18.49 - 29.21 mg L-1 (Kermasha et al., 1995). 

These results are in agreement with the concentrations reported by Spanos et al. 

(1990).  Of the minor phenolic compounds in apple juice, caffeic acid was present in a 

range of 2.06 - 3.00 mg L-1, p-coumaric acid was present at concentrations lower than 
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2.00 mg L-1 and ferulic acid was present from 0.41 - 2.74 mg L-1 (Kermasha et al., 

1995).  Since a considerable fraction of phenolic acids is in bound form, hydrolysis of 

glycosides or esters is needed before HPLC analysis to determine the concentration of 

the phenolic compounds in free and bound form (Lee & Widmer, 1996).  Hernandez et 

al. (1997), Bengoechea et al. (1997) and Spanos et al. (1990) incorporated a sample 

extraction procedure in the analyses of phenolic compounds before HPLC analyses. 

Gas chromatography-MS can also be used to identify phenolic acids, however, a 

silylation or trifluoroacetylation procedure must be incorporated for non-volatile 

compounds.  Silylation or chemical derivatisation is the replacement of active hydrogen 

with a trimethylsilyl or fluoro group to reduce polarity (Proestos, et al., 2008).  The 

silylation procedure required to analyse non-volatile compounds with GC-MS is very 

sensitive and quantification is not easy to perform, while the RP-HPLC results are 

reproducible.  Therefore, RP-HPLC can be use to analyse phenolic compounds without 

derivatisation of the compounds (Proestos et al., 2008). 

 

K. Conclusion 

The widespread occurrence of Alicyclobacillus spp. as spoilage bacteria of fruit juice 

products is of great concern for the beverage industry.  Since the discovery of 

Alicyclobacillus researchers have mostly focused on finding alternative methods of 

pasteurisation due to conventional pasteurisation methods not being adequate to 

prevent the growth of Alicyclobacillus spp. in fruit juices.  Although numerous control 

methods have been investigated, it seems that this soil-borne bacterium is unavoidable 

in the fruit processing environment.  These bacteria do not pose a health risk, however, 

the off-flavour guaiacol that may be produced by Alicyclobacillus species in the juice is 

of great importance.  Therefore, the undesirable effect of guaiacol on the sensory 

characteristics of the fruit juice is of concern rather than the presence of the bacteria. 

Numerous factors influence the production of guaiacol, which not only include the 

presence of Alicyclobacillus spp. that have the ability to produce guaiacol, but also the 

composition of the media.  Manufactures subject fruit juice products to extreme 

treatments to destroy Alicyclobacillus endospores without confirming if the specific 

species have the ability to produce guaiacol.  Little information exists on the metabolic 

pathway of Alicyclobacillus and the substrates specifically in fruit juice that is needed for 

guaiacol production.  A better understanding of the precursor compounds of guaiacol 

production by Alicyclobacillus spp. and the spoilage potential of fruit juice could help 

control or prevent spoilage by Alicyclobacillus.  
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CHAPTER 3 

 

SEPARATION AND QUANTIFICATION OF GUAIACOL, VANILLIC ACID, VANILLIN 

AND FERULIC ACID WITH HPLC 

 

ABSTRACT 

Guaiacol is accepted as the predominant metabolite associated with taint production in 

fruit juices through the metabolic activity of Alicyclobacillus spp.  According to the 

suggested pathway, the phenolic acids vanillic acid, vanillin and ferulic acid are the 

precursors of guaiacol production.  The aim of this study was to develop a high 

performance liquid chromatography (HPLC) method to quantify guaiacol and the 

phenolic acid compounds.  Different elution programs were tested to obtain a method 

that could simultaneously separate the three precursors and guaiacol present in Bacillus 

acidoterrestris (BAT) broth.  A HPLC system with UV-diode array detection (DAD) fitted 

with a silica C18 column (25 cm x 4.6 mm x 5 µm) was used.  The injection volume was 

set at 2 µL, the flow rate at 1 mL min-1, loop injection at 50 µL and the run pressure at  

3 000 psi.  The column was operated at a temperature of 40 °C.  The mobile phase 

consisted of 5 % (v/v) formic acid in water (solvent A) and methanol as solvent B.  

Different elution programs were tested and the best results were obtained with the 

mobile phase consisting of 50 % solvent A and 50 % solvent B.  Simultaneous UV 

detection was performed at three wavelengths, namely 272 nm, 312 nm and 328 nm.  

Vanillic acid had a retention time of 4.8  - 4.9 min (272 nm), followed by vanillin with a 

retention time of 5.7 - 5.8 min (312 nm), ferulic acid at 6.2 - 6.5 min (328 nm) and 

guaiacol at 8.1 - 8.3 min (272 nm).  This optimised HPLC method was able to 

successfully separate and quantify the 3 precursors and guaiacol known to be involved 

in the spoilage of fruit juice products by Alicylobacillus spp. 

 

INTRODUCTION 

The taint chemical guaiacol is accepted as the predominant metabolite produced during 

the metabolic activity of Alicyclobacillus spp. present in contaminated fruit juices 

(Pettiper et al., 1997; Jensen, 2000; Jensen & Whitfield, 2003).  According to the 

proposed pathway for guaiacol production, phenolic acids vanillic acid, vanillin and 

ferulic acid are precursors of guaiacol (Crawford & Olsen, 1978; Pometto et al., 1981; 

Huang et al., 1993; Rosazza et al., 1995; Niwa & Kawamoto, 2003).  Guaiacol and can 
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be detected by using sensory (Orr et al., 2000; Eisele & Semon, 2005) and  chemical 

(Bahçeci & Acar, 2007) methods, while both guaiacol and the precursors can be 

detected using contemporary analytical methodologies (Spanos et al., 1990; Kermasha 

et al., 1995; Hernandez et al., 1997; Zierler et al., 2004; Bahçeci et al., 2005). 

Chemical and sensory detection is generally applied as rapid, inexpensive 

methods for guaiacol screening (Chang & Kang, 2004).  The chemical method, also 

described as the peroxidase method, is based on a chemical reaction between the 

peroxidase enzyme and hydrogen peroxide in the presence of guaiacol yielding a colour 

or absorbance change (Niwa, 2004; Bahçeci & Acar, 2007).  Sensory methods make 

use of olfactory senses to detect the presence of guaiacol (Chang & Kang, 2004).  

Experienced panels are used to determine the recognition threshold of guaiacol odour 

(Orr et al., 2000) and taste by using a forced-choice ascending concentration method of 

limits (Eisele & Semon, 2005).  The sensory threshold of guaiacol is low and consumers 

without formal sensory training will generally not be able to detect the presence of 

guaiacol in fruit juices (Chang & Kang, 2004). 

Analytical methods used for the quantification of guaiacol (Gökmen et al., 2001; 

Chang & Kang, 2004; Bahçeci & Acar, 2007) usually include extensive sample 

preparation, chromatographic separation and detection.  The most common 

chromatographic procedures for guaiacol separation are liquid chromatography 

(Bahçeci et al., 2005; Bahçeci & Acar, 2007) and gas chromatography (GC) (Pettipher 

et al., 1997; Jensen et al., 2001; Pollnitz et al., 2004; Zierler et al., 2004; Gocmen et al., 

2005).  High performance liquid chromatography (HPLC) is a precise, accurate and 

sensitive method for the detection of guaiacol in fruit juices (Bahçeci & Acar, 2007).  

Zierler et al. (2004) developed a headspace solid phase microextraction GC mass 

spectrometry (HS-SPME GC-MS) method for the detection of guaiacol produced by A. 

acidoterrestris in apple juice.  In this procedure, volatile compounds are collected in the 

headspace of the container before absorption to a SPME fiber.  The fiber is then 

transferred directly to the injection port of the GC–MS system to analyse the volatile 

compounds (Zierler et al., 2004).  A HS GC-MS method was developed by Smit (2009) 

for the detection of guaiacol in Bacillus acidoterrestris (BAT) broth.  HS GC-MS 

requiring minimal sample preparation and provide a very accurate and sensitive 

detection system. 

Gas chromatography (Proestos et al., 2008) and HPLC methods (Spanos & 

Wrolstad, 1990; Spanos et al., 1990; Kermasha et al., 1995; Bengoechea et al., 1997; 

Proestos et al., 2006; Bahçeci & Acar, 2007) are also used for the analysis of the 
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phenolic acids, ferulic acid, vanillin and vanillic acid.  In the identification of phenolic 

acids with GC-MS a silylation or trifluoroacetylation procedure is incorporated to analyse 

non-volatile and thermolable compounds.  The silylation is very sensitive and 

quantification of compounds may not be easy.  Reverse-phase (RP) HPLC coupled with 

UV spectrophotometry is also widely used to separate and quantify phenolic 

compounds, including caffeic acid, p-coumaric acid, ferulic acid and vanillic acid 

(Proestos et al., 2008).  Therefore, with RP-HPLC the phenolic compounds can be 

detected without derivatisation and the results are reproducible (Proestos, et al., 2008).  

Reverse-phase (RP) HPLC with UV-diode array detection (DAD) has been used to 

separate and quantify the phenolic compounds caffeic acid, p-coumaric acid and ferulic 

acid in fruit juices, such as grape juice (Spanos & Wrolstad, 1990), apple and peach 

juices (Spanos et al., 1990; Kermasha et al., 1995; Hernandez et al., 1997) and the 

purée and concentrates of peach and apple (Bengoechea et al., 1997). 

Little information exists on the metabolic pathway of guaiacol production by 

Alicyclobacillus spp.  In the evaluation of the substrates required for guaiacol production 

an analytical method is required to quantify guaiacol and the precursors.  A HPLC-DAD 

method was used by Bahçeci et al. (2005) and by Bahçeci and Acar (2007) to analyse 

the vanillin and guaiacol concentrations in apple juice and the same HPLC method was 

used by Gökmen et al. (2001) to identify and quantify ferulic acid and other phenolic 

compounds.  The aim of this study was to optimise a HPLC method to simultaneously 

separate and quantify guaiacol and the phenolic acid compounds that are possible 

precursors of guaiacol production by A. acidoterrestris. 

 

MATERIALS AND METHODS 

 

Bacterial cultures 

Alicyclobacillus acidoterrestris FB2 isolated from pear concentrate (Department of Food 

Science Culture Collection, Stellenbosch University) (Groenewald et al., 2009) was 

used in this study.  A pure culture of A. acidoterrestris FB2 (vegetative cells and 

endospores) was inoculated into Bacillus acidoterrestris (BAT) broth (IFU, 2007) 

adjusted to pH 4 using 1 M H2SO4 (Merck) and sterilised by autoclaving.  The culture 

was incubated at 45°C for 2 d and 1 mL of the 48 h culture was aseptically removed 

and added to sterile BAT broth (pH 4), followed by incubation at 45 °C for 5 d.  After 

incubation the inoculated broth was centrifuged in a Beckman Coulter TJ-25 centrifuge 

(Beckman Coulter Inc., Fullerton, California, USA) at 5 500 g for 10 min and the 
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supernatant discarded while the pellet was resuspended in sterile saline solution (SSS) 

(0.85% (m/v) NaCl (Merck)).  The optical density (OD) of the culture was determined 

with a Beckman Coulter DU 530 Life science UV/Vis spectrophotometer (Beckman 

Instruments Inc., Fullerton, California, USA) at 540 nm and the approximate cell 

concentration of A. acidoterrestris FB2 was determined using a standard curve of cell 

concentration and optical density (540 nm). 

 

Identification of ferulic acid, vanillin, vanillic acid and guaiacol 

 

Sample preparation 

Three hundred mL BAT broth (pH 4) was supplemented with either 100 mg L-1 vanillin 

(Merck), 100 mg L-1 vanillic acid (Sigma-Aldrich) or 5.67 mg L-1or 66.67 mg.L-1  

ferulic acid (Sigma-Aldrich) in 1 L sealed Schott bottles.  The samples were inoculated 

with A. acidoterrestris FB2 to a final cell concentration of 106 cfu mL-1, incubated at  

45 °C for 7 d and analysed every 24 h to evaluate the supplemented precursors and the 

production of guaiacol.  Three hundred mL sterilised BAT broth (pH 4) inoculated with 

A. acidoterrestris FB 2 to a final cell concentration of 106 cfu mL-1 was used as the 

Alicyclobacillus control sample.  Samples were filtered using a 0.8/0.2 µm Supor 

Membrane Low Protein binding Non-pyrogenic filter (Pall, USA) prior to analysis with 

high performance liquid chromatography with UV-diode array detection (HPLC-DAD). 

 

Standard solutions 

Guaiacol standard solutions were prepared in the range of 0.0125 - 0.5 mM and ferulic 

acid standard solutions were prepared in the range of 0.1 - 100 mg.L-1 (0.0005 -  

0.515 mM).  Vanillin (0.007 - 0.789 mM) and vanillic acid (0.006 - 0.714 mM) standard 

solutions were prepared in the range of 1 - 120 mg.L-1.  Each standard solution was 

filtered using a 0.8/0.2 µm Supor Membrane Low Protein binding Non-pyrogenic filter 

prior to HPLC analysis. 

 

High performance liquid chromatography 

A HPLC-DAD system (Spectra Physics) fitted with a silica C18 column (Supelco, South 

Africa) with dimensions 25 cm x 4.6 mm x 5 µm was used to analyse a filtered extract 

consisting of a combination of all the standard compounds.  These standard solutions 

included ferulic acid, vanillin, vanillic acid and guaiacol, as well as the phenolic 

compounds chlorogenic acid (Sigma-Aldrich), p-coumaric acid (Sigma-Aldrich) and 
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caffeic acid (Sigma-Aldrich) commonly found in apple juice.  The injection volume was 

set at 10 µL, the flow rate at 1 mL min-1, loop injection at 50 µL, the max run pressure at 

3 000 psi with spectra scanned from 190 - 350 nm.  The column was operated at a 

temperature of 40 °C.  The mobile phase consisted of 5 % (v/v) formic acid (Merck) in 

water (solvent A) and (v/v) methanol (HPLC grade) (Merck) (solvent B).  Different 

elution programs were tested to obtain a method that could separate all the standard 

compounds.  The first separation method was based on the method used by Gökmen et 

al. (2001) for the analysis of phenolic compounds in apple juice, in which a gradient 

elution program was followed (Table 1).  In the second separation method the elution 

program consisted of 40 % solvent A and 60 % solvent B for 10 min and in the third 

method the elution program was adjusted to 50 % solvent A and 50 % solvent B for  

10 min. 

 

RESULTS & DISCUSSION 

 

Method development and identification of standard compounds 

The first separation method consisting of the gradient elution program and the second 

separation method consisting of 40 % solvent A and 60 % solvent B did not give 

satisfactory results for the separation of the compounds evaluated in this study.  There 

was limited differentiation between the standard compounds in the first separation 

method and only four compounds could be identified using the second method.  All the 

compounds eluded within the first 10 min.  All the standard compounds in the combined 

filtered extract were separated with the elution program consisting of 50 % solvent A 

and solvent B (Fig. 1).  The different standard solutions were, therefore, analysed using 

this method.  The retention time of the standard compounds changed slightly due to 

increase in the concentration of the standard compounds and the amount of compounds 

present in the solutions.  Chlorogenic acid (1) and caffeic acid (2) were first separated 

with a retention time of 3.4 - 3.6 and 4.3 - 4.6 min, respectively.  Vanillic acid (3) had a 

retention time of 4.8 - 4.9 min, followed by vanillin (4) with a retention time of  

5.7 - 5.8 min, p-Coumaric acid (5) at 6.1 - 6.3 min, ferulic acid (6) at 6.2 - 6.5 min and 

guaiacol at 8.1 - 8.3 min (8) (Fig. 1).  In the mixture of the standard compounds, an 

unknown compound (7) was detected at a retention time of 7 min.  The same peak was 

also present at a retention time of 7.3 - 7.6 min during the analysis of the ferulic acid 

standard solutions.  Therefore, the compound that appeared between ferulic acid and 
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Table 1 The gradient program based on the separation method used by Gökmen et al. 

(2001) 

Time Percentage of solvent A Percentage of solvent B 

5 85 15 

15 75 25 

10 60 40 

10 50 50 

10 85 15 
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Figure 1 Contour plot (250 – 350 nm) of the standard compound mixture. 
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guaiacol may be an enantiomer of ferulic acid.  The three wavelengths, namely 272, 

312 and 328 nm were selected from the spectral data of the standard compounds for 

the detection and quantification of ferulic acid, vanillin, vanillic acid and guaiacol in the 

standard solutions and the samples.  Vanillic acid and guaiacol were monitored at  

272 nm, vanillin was monitored at 312 nm and ferulic acid at 328 nm.   

 

Samples 

The samples were analysed to identify the supplemented precursors and the produced 

guaiacol.  Due to the satisfactory results of the final separation method, this method was 

used to analyse the samples.  Computerised integration was performed using 

Chromquest v. 3.0 to calculate the peak area of a specific compound at a specific 

retention time.  Identification of ferulic acid, vanillin, vanillic acid and guaiacol in all 

samples were carried out by comparing retention times and spectral data with those of 

the appropriate standards.  Compounds present at retention time 0 – 4.2 min on the 

chromatograms was identified as UV active constituents of the BAT broth present in 

each sample (Fig. 2).  The identification of ferulic acid (Fig. 3), vanillin (Fig. 4),  

vanillic acid (Fig. 5) and guaiacol (Fig. 6) in the samples were done by comparing 

retention times and spectral data with those of the standards.  The peak at 7.4 min (Fig. 

3), presumed to be the enantiomere of ferulic acid, was always present on the 

chromatogram when ferulic acid was supplemented.  Each compound separated a 

fraction later than their standard.  This is due to the presence of compounds in the BAT 

broth, as well as the supplemented precursors in each sample. 

 

CONCLUSION 

The stationary and mobile phase used in this study displayed excellent separation of 

guaiacol and the phenolic compounds supplemented in the BAT broth.  The mobile 

phase consisting of 5 % (v/v) formic acid in water (solvent A) and methanol  (solvent B) 

with the elution program of 50 % solvent A and 50 % solvent B gave satisfactory results 

and will be used as the HPLC-DAD method in further studies to evaluate the guaiacol 

production from ferulic acid, vanillin and vanillic acid and to evaluate the spoilage 

potential of apple juice supplemented with the precursors.   
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Figure 2 The contour plot (250 – 350 nm) of the BAT broth, inoculated with A. acidoterrestris without precursors added 

(Alicyclobacillus control).  
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Figure 3 The contour plot (250 – 350 nm) of the ferulic acid sample analysed with HPLC-DAD.  Ferulic acid peak eluted between 

6 and 7 min. 
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Figure 4 Chromatogram at 312 nm indicating the vanillin peak. 

 

 

Figure 5 Chromatogram at 272 nm indicating the vanillic acid peak.  
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Figure 6 Chromatogram at 272 nm indicating the guaiacol peak.  
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CHAPTER 4 

 

GUAIACOL PRODUCTION FROM FERULIC ACID, VANILLIN AND VANILLIC ACID 

BY ALICYCLOBACILLUS ACIDOTERRESTRIS  

 

ABSTRACT 

Alicyclobacilli are thermophilic, acidophilic bacteria (TAB) that spoil fruit juice products 

by producing guaiacol.  The precursors of guaiacol production by Alicyclobacillus are 

not fully understood and it is currently believed that guaiacol form as a product of ferulic 

acid metabolism.  The aim of this study was to confirm the precursors that can be 

metabolised by Alicyclobacillus acidoterrestris to produce guaiacol and to evaluate the 

pathway of guaiacol production.  Alicyclobacillus acidoterrestris FB2 was incubated at 

45 °C for 7 d in Bacillus acidoterrestris (BAT) broth supplemented with ferulic acid, 

vanillin or vanillic acid, respectively.  The samples were analysed every 24 h to 

determine the cell concentration, the supplement concentration using high performance 

chromatography with UV-diode array detection (HPLC-DAD) and the guaiacol 

concentration, using both the peroxidase enzyme colourimetric assay (PECA) and 

HPLC-DAD.  The cell concentration of A. acidoterrestris FB2 during the 7 d in all 

samples were above the critical cell concentration of 105 cfu mL-1 reportedly required for 

guaiacol production.  The guaiacol production by A. acidoterrestris FB2 increased with 

an increase in vanillin or vanillic acid concentration and a metabolic pathway of A. 

acidoterrestris FB2 directly from vanillin to guaiacol was established.  High 

concentration vanillic acid (1 000 mg L-1) had an initial inhibitory effect on the cells, but 

the cell concentration increased after day 2.  The high concentrations of vanillin and 

vanillic acid caused a pale yellow discolouration with the PECA that influenced the 

guaiacol measurement, resulting in higher guaiacol concentrations.  Guaiacol 

production did not occur in the absence of either a precursor or A. acidoterrestris FB2 

and guaiacol was not produced by A. acidoterrestris FB2 in the samples supplemented 

with ferulic acid.  The presence of Alicyclobacillus spp. that has the ability to produce 

guaiacol, as well as the substrates vanillin or vanillic acid is prerequisites for production 

of guaiacol.  Knowledge of these precursors in fruit juice is of importance to indicate the 

spoilage potential of the different fruit juices by Alicyclobacillus spp.  

 

 



62 

INTRODUCTION 

The endospores of Alicyclobacillus can survive the low pH and pasteurisation process 

of fruit juice to germinate, grow and spoil the product (Splittstoesser et al., 1994; 

Pettipher et al., 1997; Walls & Chuyate, 1998) by the production of the taint compound, 

guaiacol (Jensen, 2000; Jensen & Whitfield, 2003).  Guaiacol causes an undesirable 

odour in fruit juice with an unpleasant smoky, medicinal or phenolic-like taint (Pettipher 

et al., 1997; Jensen, 2000). 

The production of guaiacol by Alicyclobacillus acidoterrestris has been reported 

as a flat-sour type spoilage in various acidic juices, isotonic water, lemonade, fruit juice 

blends and fruit-carrot juice blends (Yamazaki et al., 1996; Pettipher et al., 1997).  

Alicyclobacillus acidiphilus, A. herbarius, A. hesperidum (Matsubara et al., 2002; Goto 

et al., 2008), A. cycloheptanicus (Gocmen et al., 2005) and A. acidocaldarius (Smit, 

2009) have the ability to produce guaiacol, however, A. acidoterrestris are primarily 

responsible for spoilage and the production of guaiacol. 

Guaiacol may be produced from vanillic acid by a number of microbes, including 

Bacillus megaterium (Crawford & Olson, 1978), Bacillus subtilis (Álvarez-Rodríguez et 

al., 2003), Streptomyces setonii and Streptomyces strains (Crawford & Olson, 1978).  

Guaiacol can also be formed from ferulic acid by Paecilomyces variotii (Rahouti et al., 

1989), Rhodotorula rubra (Huang et al., 1993) and Sporotrichum thermophile (Topakas 

et al., 2003).  Although the metabolic pathway of guaiacol production by Alicyclobacillus 

has not been fully elucidated, it is currently believed that guaiacol is produced as a 

product of ferulic acid metabolism (Jensen, 2000; Niwa & Kawamoto, 2003; Bahçeci et 

al., 2005).  Guaiacol is produced through the non-oxidative decarboxilation of vanillic 

acid, the oxidation product of vanillin, a derivative of ferulic acid (Chang & Kang, 2004).   

The possible precursors of guaiacol, namely ferulic acid, vanillin and vanillic acid 

are ubiquitous in nature.  Ferulic acid is an aromatic phenolic compound (Rosazza et 

al., 1995) found in fruits, vegetables, grains, beans, leaves, seeds, nuts, grasses, 

flowers (Herrmann, 1989) and form the precursor of lignin biosynthesis or the product of 

lignin degradation (Ishikawa et al., 1963).  Ferulic acid can also be metabolised to 

vanillin and vanillic acid by various bacteria (Sutherland et al., 1983) and fungi 

(Henderson, 1961; Ishikawa et al., 1963; Toms & Wood, 1970; Tadasa, 1977).  Vanillic 

acid can be naturally present in fruit juice as a derivative of lignin or as a metabolite of 

several microbes (Piacquadio et al., 2002; Chang & Kang, 2004) and vanillin, a 

derivative of ferulic acid is present in several fruit and fruit products, including 

strawberries (Pyysalo et al., 1979), orange juice (Martin et al., 1992), appel cider brandy 
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(Mangas et al., 1997), mango (Sakho et al., 1997), wines (Spillman et al., 1997) and 

citrus juice (Goodner et al., 2000). 

The presence of Alicyclobacillus in the fruit processing environment is 

unavoidable.  The production of guaiacol in fruit juice products by Alicyclobacillus spp. is 

of great concern, however, little information currently exist on the precursors in fruit juice 

required for the production of guaiacol by Alicyclobacillus spp.  The aim of this study 

was to confirm the precursors that can be metabolised by A. acidoterrestris to produce 

guaiacol and to confirm the anabolic pathway of guaiacol production.   

 

MATERIALS AND METHODS 

 

Bacterial inoculation cultures 

Alicyclobacillus acidoterrestris FB2 isolated from pear concentrate (Groenewald et al., 

2009) was used in this study.  A pure culture of A. acidoterrestris FB2 was inoculated 

into Bacillus acidoterrestris (BAT) (pH 4) (IFU, 2007) and incubated at 45 °C.  After 2d 

incubation 1 mL of the culture was aseptically removed and added to sterile BAT broth 

(pH 4) followed by incubation at 45 °C for 5 d.  The culture was then centrifuged in a 

Beckman Coulter TJ-25 centrifuge (Beckman Coulter Inc., Fullerton, California, USA) at 

5 500 g for 10 min and the pellet was resuspended in sterile saline solution (SSS) 

(0.85% (m/v) NaCl (Merck)).  The optical density (OD) of the culture was determined at 

540 nm with a Beckman Coulter DU 530 Life science UV/Vis spectrophotometer 

(Beckman Instruments Inc., Fullerton, California, USA) and the approximate cell 

concentration was determined using a standard curve.  

 

Guaiacol production and the growth of A. acidoterrestris FB 2 

Three hundred mL BAT broth (pH 4) was supplemented with either 100 mg L-1 or  

1 000 mg L-1 vanillin (Merck), 100 mg L-1 or 1 000 mg L-1 vanillic acid (Sigma-Aldrich), or 

5.67 mg L-1, 66 67 mg.L-1 or 100 mg L-1 ferulic acid (Sigma-Aldrich) in sealed Schott 

bottles.  A concentration of 100 mg L-1 vanillin or vanillic acid was supplemented in the 

samples to provide A. acidoterrestris FB2 with an optimum concentration of the possible 

precursors and a concentration of 1 000 mg L-1 vanillin or vanillic acid was 

supplemented in the samples to evaluate the effect of higher concentrations vanillin and 

vanillic acid on the growth of A. acidoterrestris FB2 and production of guaiacol.  The low 

concentration of ferulic acid was used to evaluate the guaiacol production from ferulic 

acid at a concentration possibly present in fruit juice (Kermasha et al., 1995;  
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Piacquadio et al., 2002) and the two higher concentrations of ferulic acid were 

supplemented in the samples to evaluate the effect of increased amounts of ferulic acid.  

The samples were inoculated with A. acidoterrestris FB2 (106 cfu mL-1), incubated at 45 

°C for 7 d and analysed every 24 h to evaluated the guaiacol production from the 

supplemented precursors.  The vegetative cell concentration was determined, as well 

as the endospore concentration after a heat shock treatment (80 °C for 10 min).  The 

guaiacol concentration was determined using the peroxidase enzyme colourimetric 

assay (PECA), as well as high performance liquid chromatography with UV-diode array 

detection (HPLC-DAD).  The vanillin, vanillic acid and ferulic acid concentrations in the 

samples were also determined by HPLC analysis.  All experiments were performed in 

triplicate.  Three hundred mL BAT broth (pH 4) supplemented with either 100 mg L-1 or 

1 000 mg L-1 vanillic acid, or 100 mg L-1 or 1 000 mg L-1 vanillin served as supplement 

control samples (without A. acidoterrestris FB2).  Three hundred mL sterilised BAT 

broth (pH 4) inoculated with A. acidoterrestris FB 2 to a final cell concentration of  

106 cfu mL-1 served as the Alicyclobacillus control sample (without precursors).   

 

Vegetative cell and endospore concentration 

The cell concentration during the 7 d incubation period was determined by serially 

diluting (100 – 106) each sample in SSS and enumeration with Potato dextrose agar 

(PDA) (Merck) (pH 4) using the pour plate technique, followed by incubation at 45 °C for 

4 d.  The endospore concentration was determined by subjecting 1 mL of each sample 

to a heat shock treatment in a water bath at 80 °C for 10 min to eliminate all the viable 

vegetative cells followed by serial dilution (100 – 106) and enumeration.  The pour plate 

technique, using PDA (Merck) (pH 4), followed by incubation at 45 °C for 4 d was used 

to enumerate the endospores of Alicyclobacillus.  Control plates of PDA (pH 4) 

incubated at 45 °C for 4 d had no growth.  All experiments were conducted in duplicate. 

 

Peroxidase enzyme colourimetric assay (PECA) 

The peroxidase enzyme colourimetric assay (Sheu & Chen, 1991; Bahçeci & Acar 

2007) was used to determine the guaiacol concentration in the control samples and the 

inoculated samples supplemented with vanillic acid, vanillin and guaiacol.  One mL of 

each sample was centrifuged at 2 300 g for 10 min (Eppendorf 5415 D centrifuge, 

Hamburg, Germany) and 300 μL of the supernatant was vortexed with 2 mL 0.2 M 

potassium phosphate buffer (4.18 g L-1 K2HPO4 (Merck) and 23.95 g L-1 KH2PO4 

(Merck), pH 6), 300 μL (5 U) peroxidase enzyme (Merck) and 300 μL 0.5% (m/v) H2O2 
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(Merck).  A blank was prepared by vortexing 2.3 mL 0.2 M potassium phosphate buffer, 

300 μL (5 U) peroxidase enzyme and 300 μL 0.5% (m/v) H2O2.  A Beckman Coulter DU 

530 Life science UV/Vis spectrophotometer was used to measure the colour changes at 

420 nm.  The guaiacol concentration was calculated using a standard curve of 

absorbance at 420 nm versus guaiacol (Sigma-Aldrich, USA) concentration (Fig.1A, 

Appendix). 

 

High performance liquid chromatography  

Standard solutions 

Guaiacol standard solutions for HPLC analysis were prepared in the range of 0.0125 -  

5 mM and ferulic acid standard solutions were prepared in the range of 0.1 - 100 mg L-1 

(0.0005 - 0.515 mM).  Vanillin (0.007 - 6.572 mM) and vanillic acid (0.006 - 5.947 mM) 

standard solutions were prepared in the range of 1 - 1000 mg L-1.  Each standard 

solution was filtered using a 0.8/0.2 µm Supor Membrane Low Protein binding Non-

pyrogenic filter (Pall, USA) prior to HPLC analysis.   

 

HPLC analysis 

A HPLC system (Spectra Physics) with UV-diode array detection was used to determine 

the ferulic acid, vanillin, vanillic acid and guaiacol concentrations present in each 

sample.  The filtered extract was injected into the HPLC fitted with a silica C18 column 

(Supelco, SA) with dimensions of 25 cm x 4.6 mm x 5 µm.  The elution program was 

carried out at 40 °C.  The mobile phase consisted of 50 % solvent A, a mixture of formic 

acid (Merck) and water (5:95, v/v) and 50 % solvent B, consisting of methanol (HPLC 

grade) (Merck).  The flow rate was set at 1 mL min-1, loop injection at 50 µL, the 

injection volume at 2 µL and the max run pressure at 3 000 psi.  UV detection was 

performed at three wavelengths, 272 nm, 312 nm and 328 nm.  Computerised 

integration was performed using Chromquest v. 3.0 to calculate the peak area of a 

specific compound at a specific retention time.  Identification of ferulic acid, vanillin, 

vanillic acid and guaiacol in the samples were carried out by comparing retention times 

and spectral data with those of the appropriate standards.  A standard curve of each 

standard was used to quantify the compounds in the samples.  

 

Statistical analysis 

Repeated measures ANOVA with a mixed model approach were used to investigate 

guaiacol production from possible precursors, as well as the effect of different 
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precursors on the growth of A. acidoterrestris.  Correlation analyses were done to 

determine the strength of relationships between measurements. Statistical analyses 

were performed using Statistica 9.  A 95 % confidence interval was used as a guideline 

for indicating significant differences. 

 

Rapid guaiacol production by A. acidoterrestris FB2 from vanillic acid 

The production of guaiacol from vanillic acid was further evaluated due to the fast 

conversion of vanillic acid to guaiacol by A. acidoterrestris.  Experiments were 

conducted to establish the onset of guaiacol production from vanillic acid when  

A. acidoterrestris was present at a cell concentration of 106 cfu mL-1.  Three hundred 

mL BAT broth (pH 4) was supplemented with either 100 mg L-1 or 50 mg L-1 vanillic acid 

in sealed Schott bottles.  The samples were inoculated with A. acidoterrestris FB2 to a 

final cell concentration of 106 cfu mL-1.  The samples were incubated at 45 °C for 4 h 

and the peroxidase enzyme colourimetric assay (PECA) was performed every hour to 

determine the start of guaiacol production.  The vegetative cell concentration, as well as 

the endospore concentration was determined every 2 h.  Vanillic acid and guaiacol 

concentration in the samples were also determined every 2 h by HPLC-DAD analysis.  

Three hundred mL sterilised BAT broth (pH 4), inoculated with A. acidoterrestris FB2 

was used as the Alicyclobacillus control sample.  This experiment was performed in 

duplicate.   

 

RESULTS AND DISCUSSION  

Influence of precursors on growth of A. acidoterrestris FB 2  

A 106 cfu mL-1 A. acidoterrestris inoculum was used to ensure that the concentration of 

cells present in the medium was above the concentrations of 104 to 105 cfu mL-1 that is 

reportedly required for guaiacol production (Pettipher et al., 1997; Komitopoulou et al., 

1999), therefore, reducing the lag phase of guaiacol production due to low cell 

concentrations (Smit, 2009).   

All of the control samples supplemented with either vanillin or vanillic acid were 

sterile, without any growth.  The samples supplemented with 100 mg L-1 vanillin and 

5.67 mg L-1 and 66.67 mg L-1 ferulic acid (Figs. 1 & 2) followed a similar Alicyclobacillus 

growth trend when compared to the Alicyclobacillus control sample (without 

supplementation) (Fig. 1), where a significant (p < 0.05) increase in vegetative cell 

concentration was observed for the first 24 h with a constant and sustained growth  
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Figure 1 Changes in vegetative cell concentration of A. acidoterrestris FB2 at different 

concentrations of vanillin and vanillic acid (100 mg L-1 and 1000 mg L-1) in BAT broth 

incubated at 45 °C for 7 d.  Vertical bars denote 0.95 confidence intervals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Changes in vegetative cell concentration of A. acidoterrestris FB 2 at different 

concentrations of ferulic acid in BAT broth incubated at 45 °C for 7 d.  Vertical bars 

denote 0.95 confidence intervals.  



68 

thereafter.  The increase in cell concentration in the first 24 h is possibly due to the 

introduction of the cells into fresh media containing an abundant of substrate.  Although 

an increase in cell concentration during the first 24 h was also observed for the  

100 mg L-1 vanillic acid sample (Fig. 1), the vegetative cell concentration decreased 

significantly (p < 0.05) from day 1 to 2.  However, the vegetative cell concentration on 

day 2 in this sample did not differ significantly (p ≥ 0.05) from the initial cell 

concentration.  The vegetative cell concentration decreased significantly (p < 0.05) in 

the 1 000 mg L-1 vanillic acid sample (Fig. 1) in the first 24 h with a significantly (p < 

0.05) lower cell concentration on day 1 and 2 than in the Alicyclobacillus control sample 

(without precursors) (Fig. 1).  This is due to the introduction of the cells to a high 

concentration of vanillic acid that may have an inhibitory effect on the growth of 

Alicyclobacillus.  Different concentrations of vanillic acid, ranging from 200 to 1 682 mg 

L-1 had an inhibitory or antimicrobial effect on different microbes, including Listeria spp. 

(Delaqui et al., 2006), Escherichia coli O157:H7 (Moon et al., 2005), Klebsiella 

pneumoniae, Bacillus cereus, Aspergillus spp. (Aziz et al., 1998) and Campylobacter 

jejuni (Gañan et al., 2006).  The cell concentration did, however, increase from day 2 to 

4 and this may possibly be due to the cells adapting to the high concentration of vanillic 

acid or the reduction of vanillic acid due to guaiacol production.  

The vegetative cell concentrations in the 100 mg L-1 ferulic acid (Fig. 2) and  

1 000 mg L-1 vanillic acid sample on day 1 and 2 and the cell concentration in the  

1 000 mg L-1 vanillin sample on day 4 (Fig. 1) were significantly (p < 0.05) lower than 

the cell concentration in the Alicyclobacillus control sample (Fig. 1).  However, none of 

the cell concentrations on day 7 in any of the samples were significantly (p < 0.05) 

different compared to the initial vegetative cell concentrations on day 0.  Therefore, the 

growth of A. acidoterrestris FB2 was in the stationery phase and ferulic acid, vanillin and 

vanillic acid added to the samples did not have an inhibitory effect on the growth of A. 

acidoterrestris FB2 after 7 d incubation.  Although significant (p ≥ 0.05) growth did not 

occur, a concentration of above 105 cfu mL-1 was sustained in each sample during the  

7 d which would suffice for guaiacol production (Pettipher et al., 1997; Komitopoulou et 

al., 1999).   

Although endospores are the differentiated form of the vegetative stage (growth) 

and not known to be responsible for the metabolism of the precursors to guaiacol 

(Chang & Kang, 2004), the endospore concentrations were determined in all samples to 

indicate the presence of endospores (Fig. 3 & 4).  The endospore count in the  
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Figure 3 Changes in endospore concentration of A. acidoterrestris FB 2 at different 

concentrations of vanillin and vanillic acid (100 mg L-1 and 1000 mg L-1) in BAT broth 

incubated at 45 °C for 7 d.  Vertical bars denote 0.95 confidence intervals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Changes in endospore concentration of A. acidoterrestris FB 2 at different 

concentrations of ferulic acid in BAT broth incubated at 45 °C for 7 d.  Vertical bars 

denote 0.95 confidence intervals. 
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Alicyclobacillus control (Fig. 3) and 5.67 mg L-1 ferulic acid sample (Fig. 4) follow a 

similar trend with a significant (p < 0.05) increased in endospores in the first 24 h and a 

decrease from day 1 to 2.  In the 100 mg L-1 vanillic acid sample, the endospore 

concentration also increased significantly (p < 0.05) in the first 24 h, while the 

endospore count in the 100 mg L-1 vanillin and 1 000 mg L-1 vanillin samples decreased 

significantly (p < 0.05) from day 1 to 2 (Fig. 3).  The endospore concentrations in all of 

the samples remained constant from day 2 until day 7 (Figs. 3 & 4).   

 

Guaiacol production measured with PECA 

The PECA method was used as a rapid method to qualify and quantify guaiacol 

production in all samples.  No colour change was observed in the BAT media inoculated 

with A. acidoterrestris FB2 without precursor supplementation (Alicyclobacillus control) 

(Fig. 5), in the control samples supplemented with either vanillin or vanillic acid without  

A. acidoterrestris FB2 or in the samples supplemented with ferulic acid and inoculated 

with A. acidoterrestris FB2 (Fig. 5).  No guaiacol formation could thus be confirmed in 

these samples using the enzymatic assay (PECA).   

The guaiacol concentration in the sample supplemented with 100 mg L-1 vanillin 

increased steadily during the 7 d (Fig. 5) with a significantly (p < 0.05) higher guaiacol 

concentration detected on days 3 to 7 compared to the guaiacol concentration of the 

Alicyclobacillus control sample (without precursors) on day 0 to 7.  The maximum 

guaiacol concentration in the 100 mg L-1 vanillin sample was 0.439 mM (54.5 mg L-1).  

The guaiacol concentration also increased significantly (p < 0.05) during the 7 d in the 

sample supplemented with 1 000 mg L-1 vanillin with a maximum guaiacol concentration 

of 2.009 mM (249.4 mg L-1).   

The guaiacol concentration in the 100 mg L-1 vanillic acid sample increased 

significantly (p < 0.05) in the first 24 h and then stabilised (Fig. 5).  The maximum 

guaiacol concentration detected in these samples was 0.484 mM (60.1 mg L-1).  

Guaiacol was also produced in the sample supplemented with 1 000 mg L-1 vanillic acid.  

The guaiacol concentration increased during the 7 d with a maximum guaiacol 

concentration of 3.482 mM (585.5 mg L-1) on day 7.  However, in the 1 000 mg L-1 

vanillic acid samples an initial lag phase in guaiacol production was observed.  This 

observation, together with the decrease in cell concentration in the first 24 h possibly 

indicates that cells that were introduced to the new environment was in an adaption 

phase after inoculation and the production of guaiacol did not start immediately.   
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Figure 5 Guaiacol production in BAT broth supplemented with ferulic acid, vanillin and 

vanillic acid in the presence of A. acidoterrestris during the 7 d incubation measured by 

the peroxidase enzyme colourimetric assay (PECA).  Vertical bars denote 0.95 

confidence intervals.  
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The guaiacol concentration in the 1 000 mg L-1 vanillin sample (Fig. 5) was much 

higher compared to the maximum guaiacol concentration produced in the sample 

supplemented with 100 mg L-1 vanillin.  The guaiacol production in the 1 000 mg L-1 

vanillic acid sample (Fig. 5) is also higher compared to the guaiacol concentration in the 

100 mg L-1 vanillic acid sample.  This observation, therefore, indicates that the increase 

concentration of vanillin or vanillic acid available to A. acidoterrestris FB2, resulting in 

an increased concentration of guaiacol. 

Although no colour change (PECA) during the 7 d was observed in the  

1 000 mg L-1 vanillin control sample, the guaiacol concentration was significantly (p < 

0.05) higher than the Alicyclobacillus control sample (without precursors), even on day 

0.  Guaiacol concentration in the1 000 mg L-1 vanillin sample on day 0 (0.808 mM) was 

also significantly (p < 0.05) higher than the guaiacol concentration measured with the 

PECA in the Alicyclobacillus control sample (without precursors) (0.016 mM) and the 

100 mg L-1 vanillin sample (0.209 mM).  The same observation was made in the 

1 000 mg L-1 vanillic acid sample and 1 000 mg L-1 vanillic acid control sample.  The 

guaiacol concentration in the 1 000 mg L-1 vanillic acid control sample was significantly 

(p < 0.05) higher than the Alicyclobacillus control sample (without precursors), even on 

day 0 (0.242 mM).  It should be mentioned that the high concentration of 1 000 mg L-1 

vanillin and vanillic acid that was present in these samples could cause a colour change 

that might result in a false positive measurement (guaiacol) with the enzymatic assay.  

According to Doerge et al. (1997) vanillic acid has been observed to cause a pale 

yellow discolouration with the PECA.  In this study, this was also the case when high 

concentration of vanillin was present in the samples.   

 

HPLC analysis 

Concomitant to PECA guaiacol levels were measured with HPLC.  The peroxidase 

enzyme colourimetric assay is based on colour change that donates guaiacol 

production, while the HPLC-DAD method identifies and quantifies the actual compound.  

The HPLC-DAD method is thus regarded as a more accurate method for the 

quantification of guaiacol. 

The standard curves used for the quantification of ferulic acid (Fig. 2A), vanillin 

(Fig. 3A), vanillic acid (Fig. 4A) and guaiacol (Fig. 5A) are illustrated in the appendix of 

this chapter.  The ferulic acid concentration in the samples supplemented with  

5.67 mg L-1, 66.67 mg L-1 or 100 mg L-1 ferulic acid did not decrease significantly 
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(p ≥ 0.05) during the 7 d (Fig. 7) and guaiacol was not produced in any of these 

samples (Fig. 6).  Therefore, ferulic acid could not be considered a direct precursor for 

guaiacol production by A. acidoterrestris FB2.  Guaiacol was also not detected in the 

Alicyclobacillus control sample (without precursors) or in the supplement control 

samples (without A. acidoterrestris FB2).  Therefore, A. acidoterrestris FB2 could not 

produce guaiacol in the absence of the precursors nor could guaiacol be formed 

spontaneously in the presence of ferulic acid, vanillin or vanillic acid without the 

metabolic action of A. acidoterrestris FB2.  

In the 100 mg L-1 vanillin sample a significant (p < 0.05) increase in guaiacol 

concentration was observed from day 0 to 5, with no significant (p ≥ 0.05) guaiacol 

production after day 5.  The vanillin in the 100 mg L-1 vanillin sample (Fig. 8) decreased 

during the 7 d and the supplemented vanillin was almost depleted on day 5 (Fig. 9).  

The maximum guaiacol concentration measured in this sample was 0.497 mM  

(61.7 mg L-1) on day 7 (Fig 4) (PECA, 0.439 mM).  The samples were incubated in 

sealed containers and the guaiacol concentration remained unchanged when 

precursors were no longer present.  

In the 1 000 mg L-1 vanillin sample the guaiacol concentration increased 

significantly (p < 0.05) from day 0 to 7 (Fig 4) and guaiacol concentration on day 7 was 

measured at 1.376 mM (170.8 mg L-1) (PECA, 2.009 mM).  The vanillin supplemented 

in this sample was converted to guaiacol (Fig. 10), however, the vanillin was not 

depleted after 7 d (Fig. 8) and the guaiacol concentration may still increase until the 

supplemented vanillin is depleted. 

The vanillic acid concentration in the samples supplemented with vanillin was 

also measured during the 7 d to identify the pathway of guaiacol production.  Vanillic 

acid was not detected in this study, indicating that A. acidoterrestris FB2 can possibly 

produce guaiacol directly from vanillin (Fig. 11).   

Guaiacol concentration in the 100 mg L-1 vanillic acid sample increased 

significantly (p < 0.05) in the first 24 h and remained unchanged from day 1 to 7 (Fig. 6).  

The maximum guaiacol concentration measured in the 100 mg L-1 vanillic acid sample 

was 0.543 mM (67.4 mg L-1) (PECA, 0.484 mM).  The vanillic acid in the 100 mg L-1 

vanillic acid sample decreased significantly (p < 0.05) and was depleted in the first 24 h 

(Fig. 9), thus no vanillic acid was available to A. acidoterrestris for further guaiacol 

production (Fig. 12).  The depletion of 100 mg L-1 vanillic acid (Fig. 12) was faster than 

the depletion of 100 mg L-1 vanillin (Fig. 9), indicating that the metabolic conversion of  
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Figure 6 Guaiacol production in BAT broth supplemented with ferulic acid, vanillin and 

vanillic acid in the presence of A. acidoterrestris during the 7 d incubation period 

measured with high performance liquid chromatography (HPLC).  Vertical bars denote 

0.95 confidence intervals. 
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Figure 7 The ferulic acid concentrations in the BAT broth samples supplemented with 

ferulic acid in the presence of A. acidoterrestris during the 7 d incubation period 

measured with HPLC.  Vertical bars denote 0.95 confidence intervals. 
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Figure 8 The decrease in vanillin concentrations (100 mg L-1 and 1000 mg L-1) in BAT 

broth in the presence of A. acidoterrestris during the 7 d incubation period measured 

with HPLC.  Vertical bars denote 0.95 confidence intervals. 
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Figure 9 The guaiacol and vanillin concentrations of the 100 mg L-1 vanillin sample 

during the 7 d incubation period measured with HPLC.  Vertical bars indicate minimum 

and maximum concentration of the triplicate experiments. 
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Figure 10 The guaiacol and vanillin concentrations of the 1 000 mg L-1 vanillin sample 

during the 7 d incubation period measured with HPLC.  Vertical bars indicate minimum 

and maximum concentration of the triplicate experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 The pathway of guaiacol production by A. acidoterrestris FB2. 
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Figure 12 The guaiacol and vanillic acid concentrations of the 100 mg L-1 vanillic acid 

sample during the 7 d incubation period measured with HPLC.  Vertical bars indicate 

minimum and maximum concentration of the triplicate experiments. 
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vanillic acid (at 100 mg L-1) to guaiacol by A. acidoterrestris was faster than the 

conversion of vanillin to guaiacol (Fig. 11).   

Guaiacol production in the 1 000 mg L-1 vanillic acid samples had an initial lag 

phase.  However, the maximum concentration of guaiacol produced in this sample was 

higher (4.920 mM) than the guaiacol concentration produced in the 100 mg L-1 vanillic 

acid (0.543 mM) and the 1 000 mg L-1 vanillin (1.376 mM) samples.  The initial lag 

phase in guaiacol production, together with the decrease in vegetative cell 

concentration in the first 24 h indicated that the high concentration of vanillic acid had 

an inhibitory effect on the cells of A. acioterrestris FB2 and on the initial guaiacol 

production (Aziz et al., 1998; Moon et al., 2005; Delaqui et al., 2006; Gañan et al., 

2006).   

Guaiacol concentration in the 1 000 mg L-1 vanillin sample was higher than the 

maximum guaiacol concentration in the 100 mg L-1 vanillin sample (Fig. 6) and the 

guaiacol produced in 1 000 mg L-1 vanillic acid sample was higher (4.920 mM) 

compared to the guaiacol concentration produced in the 100 mg L-1 vanillic acid  

(0.543 mM).  This clearly indicates that the concentration of vanillin or vanillic acid that 

is available to A. acidoterrestris influences the amount of guaiacol that is produced and, 

therefore, influences the spoilage potential of the sample.  This observation is in 

agreement with the findings of Smit (2009), who indicated that guaiacol production 

increased when vanillin concentration increased.  Contrary to the findings of Smit 

(2009), a lag phase in guaiacol production was not observed at a vanillin concentration 

of 1 000 mg L-1 and growth inhibition was also not observed.  Growth of A. 

acidoterrestris FB2 was in the stationary phase during the 7 d at a concentration above 

105 cfu mL-1 which would ensure guaiacol production (Pettipher et al., 1997; 

Komitopoulou et al., 1999). 

 

Comparison of PECA with HPLC-DAD 

An interclass correlation (Fig. 13) was used to indicate the correlation between the 

PECA and HPLC-DAD results that were used to measure the guaiacol concentration in 

all samples.  A high agreement and consistency value of 0.86 was observed between 

the two methods, indicating that the trends of the data obtained with the two methods 

were similar.  However, the sensitivity of the two methods was found to be different.  All 

the samples supplemented with 1 000 mg L-1 vanillin where below the x = y line, 

possibly indicating that the high concentration of vanillin present in the samples 
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Figure 13 Interclass correlation of the HPLC-DAD method and PECA use to measure 

the guaiacol concentration.  
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influenced the colour change and absorbance measured with the PECA.  The higher 

concentrations of guaiacol measured with the PECA in the 1 000 mg L-1 vanillic acid 

sample before the production of guaiacol or in the 1 000 mg L-1 vanillic acid control 

sample (indicated with a star on Fig. 13) are due to the high concentration of vanillic 

acid in the samples that also caused a discolouration of the test buffer.  The samples 

supplemented with 1 000 mg L-1 vanillic acid resulting in a high concentration of 

guaiacol produced, where above the x = y line, indicating that the guaiacol 

concentration measured with the HPLC is higher compared to the concentration 

measured by the enzymatic assay (PECA).  This is possibly an indication that the PECA 

cannot accurately quantify high concentrations of guaiacol.  PECA can thus be used as 

a screening tool to indicate the presence of guaiacol and the guaiacol concentration will 

follow the same trend as that of the HPLC, however, HPLC analysis will be more 

accurate for the quantification of guaiacol. 

 

Guaiacol production from vanillic acid 

Due to the rapid conversion of vanillic acid by A. acidoterrestris, experiments were 

conducted to establish the onset of guaiacol production from vanillic acid when the 

critical cell concentration of A. acidoterrestris for guaiacol production was present.  

Guaiacol concentration measured with the PECA in the samples supplemented with 

vanillic acid, increased significantly (p < 0.05) 2 h after inoculation (Fig. 14).  Therefore, 

guaiacol production started between the first and second hour after inoculation (Figs. 14 

& 15).  The concentration of guaiacol produced in the 100 mg L-1 vanillic acid sample 

was significantly (p < 0.05) higher than the concentration of guaiacol produced in the 50 

mg L-1 vanillic acid sample (Fig. 15).  Guaiacol production in the 50 mg L-1 vanillic acid 

sample remained unchanged after 2 h with no significant (p ≥ 0.05) guaiacol production 

thereafter.  In all the samples vanillic acid decreased significantly (p < 0.05) with the 

production of guaiacol (Fig. 15).  The 100 mg L-1 vanillic acid was almost depleted after 

4 h, while the vanillic acid in the 50 mg L-1 vanillic acid sample was depleted after 2 h.  

Therefore, the spoilage of fruit juice with vanillic acid can occur within 2 h if  

A. acidoterrestris is present at the critical cell concentration reportedly needed for 

guaiacol production. 

 

CONCLUSION 

The presence of Alicyclobacillus spp. that have the ability to produce guaiacol, as well  
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Figure 14 Guaiacol production in the first hours after incubation in the BAT broth 

samples supplemented with vanillic acid, measured with the peroxidase enzyme 

colourimetric assay (PECA).  Vertical bars denote 0.95 confidence intervals.  

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 15 Guaiacol and vanillic acid concentrations in the BAT broth samples 

supplemented with vanillic acid, measured with HPLC.  Vertical bars denote 0.95 

confidence intervals.  
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as the substrates required for guaiacol production in fruit juices are prerequisites for 

guaiacol spoilage of fruit juice products.  In this study vanillin and vanillic acid were 

confirmed as guaiacol precursors for A. acidoterrestris FB2.  A metabolic pathway 

directly from vanillin to guaiacol seemed to be followed by A. acidoterrestris, however, 

the metabolic conversion of vanillic acid to guaiacol by A. acidoterrestris was faster than 

the conversion of vanillin to guaiacol.  Previous studies indicated that ferulic acid in fruit 

juice may be a possible precursor of guaiacol production by Alicyclobacillus.  In this 

study, different concentration of ferulic acid was used to determine whether ferulic acid 

was a precursor of guaiacol production by A. acidoterrestris.  No guaiacol was, 

however, produced in any of the ferulic acid samples, indicating that ferulic acid would 

not influence the spoilage potential of fruit juice. 

 The precursors of guaiacol present in different types of fruit juice would indicate 

the spoilage potential of these fruit juices by Alicyclobacillus spp.  The information 

gained from the composition of fruit juices can be used to prevent spoilage of the fruit 

juice products.  Furthermore, procedures need to be improved to prevent the 

contamination of fruit juice products that are highly vulnerable to guaiacol spoilage.  

Although BAT broth was used as the media in this study to evaluate the pathway of 

guaiacol production by A. acidoterrestris, it is important to evaluate the growth of 

Alicyclobacillus and the spoilage potential of fruit juice containing lower concentrations 

of vanillin and vanillic acid.  
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Figure 1A The standard curve of known guaiacol concentrations versus absorbance 

measured with the PECA.  The equation of the regression line as well as the r2 value is 

indicated on the graph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2A The standard curve for determination of ferulic acid concentration with 

HPLC-DAD.  The equation of the regression line as well as the r2 value is indicated on 

the graph. 
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Figure 3A The standard curve for determination of vanillin concentration with HPLC-

DAD.  The equation of the regression line as well as the r2 value is indicated on the 

graph. 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 4A The standard curve for determination of vanillic acid concentration with 

HPLC-DAD.  The equation of the regression line as well as the r2 value is indicated on 

the graph. 
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Figure 5A The standard curve for determination of guaiacol concentration with HPLC-

DAD.  The equation of the regression line as well as the r2 value is indicated on the 

graph.
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CHAPTER 5 

 

PRODUCTION OF GUAIACOL BY ALICYCLOBACILLUS ACIDOTERRESTRIS 

IN APPLE JUICE FROM THE PRECURSORS VANILLIN AND VANILLIC ACID 

 

ABSTRACT 

Alicyclobacillus survive the pasteurisation process and spoil acidic fruit juices through 

the production of the taint compound, guaiacol.  The presence of the precursors for 

guaiacol production by species of Alicyclobacillus may influence the spoilage potential 

of a specific fruit juice.  The aim of this study was to evaluate the spoilage potential of 

apple juice, supplemented with vanillin and vanillic acid by Alicyclobacillus 

acidoterrestris.  Apple juice supplemented with either 10 mg L-1 or 100 mg L-1 vanillin or 

vanillic acid was inoculated with A. acidoterrestris FB2 and incubated at 45 °C for 7 d.  

The samples were analysed every 24 h to determine the cell concentration, pH, °Brix, 

the concentration of supplemented vanillin or vanillic acid using high performance liquid 

chromatography with UV-diode array detection (HPLC-DAD) and the guaiacol 

concentration, using both the peroxidase enzyme colourimetric assay (PECA) and 

HPLC-DAD.  The cell concentration of A. acidoterrestris FB2 in each sample during the 

7 d was above the required vegetative cell concentration of 105 cfu mL-1 reportedly 

required for guaiacol production.  Guaiacol was produce by A. acidoterrestris from 

vanillin and vanillic acid, confirming that these compounds are precursors of guaiacol 

production by A. acidoterrestris FB2.  The HPLC method was sensitive for detecting low 

concentrations of guaiacol produced, while the PECA did not differentiate between the 

control samples, containing no guaiacol and the samples with low guaiacol 

concentrations (6.46 to 14.40 mg L-1).  Guaiacol concentrations well above the best 

estimated threshold (BET) value for taste and odour was produced in apple juice by A. 

acidoterrestris FB2 from supplemented vanillin or vanillic acid at concentrations of  

10 mg L-1.  Higher concentrations of guaiacol were produce in the samples 

supplemented with higher concentrations of vanillin and vanillic acid, indicating that the 

concentration of vanillin and vanillic acid present in apple juice influenced the 

concentration of taint compound produced and consequently the spoilage potential of 

the juice. 
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INTRODUCTION 

The genus Alicyclobacillus consist of endospore-forming, thermophilic, acidophilic 

bacteria that can survive the pasteurisation process and spoil fruit juice products 

(Jensen, 2000; Jensen & Whitfield, 2003; Chang & Kang, 2004).  Spoilage by 

Alicyclobacillus spp. is difficult to detect and in several spoilage incidences it was not 

recognised until consumer complaints were received.  In some clarified fruit juices only 

a light sediment, cloudiness or haze is visible (Walker & Phillips, 2005), with no gas 

production (Walls & Chuyate, 1998).  The only obvious indication of spoilage is the 

formation of an off-flavour (Walls & Chuyate, 1998; Silva et al., 1999; Pettipher & 

Osmundson, 2000).  Guaiacol, a by-product of the microbial metabolic activity causes a 

taint that is described as an unpleasant smoky, medicinal or phenolic-like taste with an 

undesirable odour (Pettipher et al., 1997; Jensen, 2000).  The best estimated threshold 

(BET) value for taste of guaiacol in apple juice range from 0.24 – 2.00 µg L-1 and for 

odour range from 0.50 - 2.32 µg L-1 (Pettipher et al., 1997; Orr et al., 2000; Eisele & 

Semon, 2005; Siegmund & Pöllinger-Zierler, 2006).  

Fruit juices that are liable to spoilage by Alicyclobacillus include apple, orange, 

tomato, pineapple, grapefruit, pear, white grape and cranberry juice (Pettipher et al., 

1997; Splittstoesser et al., 1998; Walls & Chuyate, 1998; Durak et al., 2010).  Growth 

does not occur in concentrates, however, a reduction in the sugar concentration to  

16 °Brix under suitable conditions results in optimal growth of Alicyclobacillus spp. 

(Splittstoesser et al., 1994). 

The production of guaiacol in food products is dependent on the precursors and 

microbes present in the product.  The precursors required for the production of guaiacol 

can be naturally present in fruit juice and if Alicyclobacillus species that have the ability 

to produce guaiacol are present at the ideal environmental conditions, the taint can be 

formed (Chang & Kang, 2004).  In the suggested pathway for guaiacol production in fruit 

juice by Alicyclobacillus, guaiacol is produced from ferulic acid via vanillin and vanillic 

acid (Niwa & Kawamoto, 2003; Bahçeci et al., 2005).  Vanillin and vanillic acid are 

present in the juice as derivatives of lignin or ferulic acid degradation (Peleg et al., 1992; 

Chang & Kang, 2004).  Piacquadio et al. (2002) reported 10.07 (± 1.13) mg L-1 vanillic 

acid in apple juice.  In orange, tangerine, lemon, lime and grape fruit juice vanillin 

concentrations range from 0.20 to 0.60 mg L-1 (Goodner et al., 2000).   

 It has been reported that vanillin and vanillic acid are precursors of guaiacol for 

Alicyclobacillus acidoterrestris and the concentration of these precursors influence the 

production of guaiacol by A. acidoterrestris.  Therefore, the availability of vanillin and 
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vanillic acid can possibly influence the spoilage of fruit juice products.  The aim of this 

study is to evaluate the spoilage potential of apple juice supplemented with vanillin and 

vanillic acid in the presence of the spoilage microbe A. acidoterrestris. 

 

MATERIALS AND METHODS 

 

Bacterial cultures 

Alicyclobacillus acidoterrestris FB2 (Department of Food Science Culture Collection, 

Stellenbosch University), isolated from pear concentrate (Groenewald et al., 2009) was 

used as inuculum in this study.  A pure culture of A. acidoterrestris FB2 (vegetative cells 

and endospores) was inoculated into Bacillus acidoterrestris (BAT) broth (IFU, 2007).  

The broth was adjusted to pH 4 using 1 M H2SO4 (Merck) and sterilised by autoclaving 

prior to inoculation.  The inoculated media was incubated at 45 °C for 2 d and 

thereafter, 1 mL of the culture was aseptically removed and inoculated in sterile BAT 

broth (pH 4) followed by incubation at 45 °C for 5 d.  After the 5d incubation period the 

inoculated broth was centrifuged for 10 min in a Beckman Coulter TJ-25 centrifuge 

(Beckman Coulter Inc., Fullerton, California, USA) at 5 500 g, the supernatant was 

discarded and the pellet was resuspended in sterile saline solution (SSS) (0.85% (m/v) 

NaCl (Merck)).  The optical density (OD) of the culture was determined with a Beckman 

Coulter DU 530 Life science UV/Vis spectrophotometer (Beckman Instruments Inc., 

Fullerton, California, USA) at 540 nm to determine the approximate cell concentration 

using a standard curve. 

 

Preparation of apple juice samples 

Apple concentrate (70 °Brix) was diluted with sterile dH2O to 12 °Brix in 1 L Schott 

bottles.  Three mL apple juice supplemented with either 10 mg L-1 or 100 mg L-1 vanillin 

or vanillic acid were heat shocked in a water bath for 10 min at 80 °C to activate 

Alicyclobacillus endospores that may have been present in the apple concentrate.  The 

samples were left to cool and after 1 h the samples were pasteurised for 2 min at 90 °C 

to sterilise the samples (Walker & Philips, 2008).  The samples were inoculated with  

A. acidoterrestris FB2 to a final cell concentration of 106 cfu mL-1.  All the samples were 

incubated at 45 °C for 7 d and analysed every 24 h to evaluate the concentrations of the 

precursors and the production of guaiacol.  The concentration of 10 mg L-1 vanillin or 

vanillic acid was supplemented in the samples to evaluate the production of guaiacol 

from the low concentrations of vanillin or vanillic acid possibly present in fruit juice and 
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100 mg L-1 vanillin or vanillic acid was supplemented in the samples to evaluate the 

effect of increased concentrations of vanillin or vanillic acid available to A. 

acidoterrestris FB2.  The vegetative cell concentration, pH and °Brix of each sample 

was also measured.  Guaiacol concentrations were determined using two methods, the 

peroxidase enzyme colourimetric assay (PECA) and high performance liquid 

chromatography with UV-diode array detection (HPLC-DAD).  The supplemented 

vanillin and vanillic acid concentrations in the samples were also determined by HPLC 

analysis.  All experiments were performed in triplicate.  Three mL apple juice (12 °Brix) 

inoculated with 106 cfu mL-1 A. acidoterrestris FB2 (without supplement) was used as 

the Alicyclobacillus control sample.  The Alicyclobacillus control sample was included to 

indicate that production of guaiacol does not occur without the presence of precursors.  

Samples of 300 mL apple juice supplemented with either 10 mg L-1 or 100 mg L-1 

vanillic acid or vanillin (without Alicyclobacillus) served as the supplement control 

samples.  The supplement control samples were used to indicate that spontaneous 

production of guaiacol from vanillin and vanillic acid will not occur without the metabolic 

action of Alicyclobacillus species.  

 

Vegetative cell and endospore concentration  

The vegetative cell concentration during the 7 d incubation period was determined by 

serially diluting (100 – 106) each sample in SSS, followed by enumeration with Potato 

dextrose agar (PDA) (Merck) (pH 4) using the pour plate technique and incubation at  

45 °C for 4 d.  The endospore concentration was determined by first subjecting 1 mL of 

each sample to a heat shock treatment in a water bath at 80 °C for 10 min to eliminate 

all the viable vegetative cells.  Thereafter, the samples were serially diluted (100 – 106) 

in SSS, followed by enumeration using PDA (pH 4) and incubation at 45 °C for 4 d.  

Control plates of PDA (pH 4) incubated at 45 °C for 4 d had no growth.  Experiments 

were conducted in duplicate.    

 

pH and °Brix 

Four ml of each sample was used to determine the pH using a HI221 Calibration Check 

Microprocessor pH meter (Hanna Instruments, Padova, Italy).  A drop of the sample 

was used to determine the °Brix with a handheld refractometer (H-50, ATAGO). 
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Peroxidase enzyme colourimetric assay (PECA) 

The peroxidase enzyme colourimetric assay (Sheu & Chen, 1991; Bahçeci & Acar 

2007) was used as a rapid method to determine the guaiacol concentration in all of the 

samples.  One mL of each sample was centrifuged at 2 300 g for 10 min (Eppendorf 

5415 D centrifuge, Hamburg, Germany), followed by vortexing 300 μL of the 

supernatant with 2 mL 0.2 M potassium phosphate buffer (4.18 g L-1 K2HPO4 (Merck) 

and 23.95 g L-1 KH2PO4 (Merck), pH 6), 300 μL (5 U) peroxidase enzyme (Merck) and 

300 μL 0.5% (m/v) H2O2 (Merck).  The blank consisted of 2.3 mL 0.2 M potassium 

phosphate buffer, 300 μL (5 U) peroxidase enzyme and 300 μL 0.5% (m/v) H2O2..  The 

colour changes was measured at 420 nm using a Beckman Coulter DU 530 

spectrophotometer and the guaiacol concentration was calculated using a standard 

curve of absorbance at 420 nm versus guaiacol (Sigma-Aldrich, USA) concentration 

(Fig. 1A, Appendix). 

 

High performance liquid chromatography (HPLC) 

Standard solutions 

Guaiacol standard solutions were prepared in the range of 0.0125 - 5 mM and vanillin 

(0.007 - 6.572 mM) and vanillic acid (0.006 - 5.947 mM) standard solutions were 

prepared in the range of 1 - 1000 mg L-1.  The standard solutions were filtered using a 

0.8/0.2 µm Supor Membrane Low Protein binding Non-pyrogenic filter (Pall, USA) prior 

to HPLC analysis.   

 

HPLC analysis 

A HPLC system (Spectra Physics) with UV-diode array detection was used to determine 

the vanillin, vanillic acid and guaiacol concentrations present in each 24 h sample.  The 

samples were diluted 1:1 (v/v) to 6 °Brix prior to HPLC analysis and filtered (0.8/0.2 µm 

Supor membrane filter) prior to injection in the HPLC system fitted with a silica C18 

column (Supelco, SA) with dimensions 25 cm x 4.6 mm x 5 µm.  The elution program 

was carried out at 40 °C, the injection volume was set at 2 µL, loop injection at 50 µL, 

the flow rate was set at 1 mL min-1 and the maximum run pressure was 3 000 psi.  The 

mobile phase consisted of 50 % solvent A, a mixture of formic acid (100 %) (Merck) and 

water (5:95), and 50 % solvent B, consisting of methanol (HPLC grade) (Merck).  UV 

detection was performed at 272 nm, 312 nm and 328 nm and computerised integration 

was performed using Chromquest v. 3.0 to calculate the peak areas.  Identification of 

vanillin, vanillic acid and guaiacol in the samples were carried out by comparing 
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retention times and spectral data with those of the appropriate standards.  A standard 

curve of each standard was used to quantify vanillin, vanillic acid and guaiacol in the 

samples.  

 

Statistical analysis 

Repeated measures ANOVA with a mixed model approach were used to analyse the 

data obtained in this study.  Correlation analyses were also done to determine the 

strength of relationships between the data obtain by the two methods used to quantify 

guaiacol.  Statistical analyses were performed using Statistica 9 and 95 % confidence 

interval was used as a guideline for indicating significant differences. 

 

RESULTS AND DISCUSSION  

 

Influence of the precursors on the growth of A. acidoterrestris FB2  

A 106 cfu mL-1 inoculum of A. acidoterrestris was used to ensure that the concentration 

of cells present in the medium was above the concentrations of 104 - 105 cfu mL-1 that is 

reportedly required for guaiacol production (Pettipher et al., 1997; Komitopoulou et al., 

1999).  The vegetative cell concentration in all samples inoculated with A. 

acidoterrestris decreased in the first 24 h, possibly due to the lower pH of the apple 

juice compared to the BAT broth (pH 4).  The vegetative cell concentration in the 

Alicyclobacillus control sample (without precursors)was significantly (p < 0.05) higher on 

day 4 compared to the initial cell concentration, but was similar after 7 d incubation  

(Fig. 1).  The vegetative cell growth of the Alicyclobacillus control and the samples 

supplemented with 100 mg L-1 vanillin or 10 mg L-1 vanillin followed a similar trend  

(Fig. 1), except that the vegetative cell concentration of the Alicyclobacillus control 

sample (without precursors)was significant (p < 0.05) lower after 3 d incubation than the 

cell count in the sample supplemented with 10 mg L-1 vanillin.  The vegetative cell 

concentration of the samples supplemented with 10 mg L-1 or 100 mg L-1 vanillic acid 

was significantly (p < 0.05) higher on d 3, 6 and 7 and significantly (p < 0.05) lower on 

day 4 compared to the Alicyclobacillus control sample (without precursors)(Fig. 1).  The 

vegetative cell concentration in the 100 mg L-1 vanillic acid sample increased on day 2 

and 5, while the vegetative cell concentration in the sample supplemented with  

10 mg L-1 vanillic acid increase significantly (p < 0.05) from day 1 to day 3 and on day 5 

(Fig. 1).  The final cell concentrations of all the samples were above 106 cfu mL-1,  
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Figure 1 Changes in vegetative cell concentration of A. acidoterrestris FB2 at different 

concentrations of vanillin and vanillic acid (10 mg L-1 and 100 mg L-1) in single strength 

apple juice incubated at 45 °C for 7 d.  Vertical bars denote 0.95 confidence intervals.  



97 

pasteurised fruit juices.  All of the samples, except the Alicyclobacillus control sample 

(without precursors), had a significant (p < 0.05) decrease in endospore concentration 

within the first 24 h (Fig. 2).  The endospore concentration of the Alicyclobacillus control 

sample increased significantly (p < 0.05) from day 3 to 4, with a significantly (p < 0.05) 

higher endospore count on day 4 and 5 compared to the initial endospore concentration 

(Fig. 2).  The endospore concentration of all the other samples showed similar trends, 

with a significant (p < 0.05) decrease in endospore concentration from day 0 to 1 and a 

significant increase in endospore concentration from day 2 to 3.  The 10 mg L-1 vanillic 

acid sample, however, had a significant (p < 0.05) increase in endospore concentration 

from day 1 to 3 (Fig. 2).  The endospore concentration in the 100 mg L-1 and 10 mg L-1 

vanillin samples were significantly (p < 0.05) higher on day 3 compared to the 

Alicyclobacillus control sample (without precursors) (Fig. 2).  The endospore 

concentration of the 100 mg L-1 vanillic acid sample was significantly (p < 0.05) higher 

from day 3 to 7 compared to the Alicyclobacillus control sample, while the endospore 

concentration in the 10 mg L-1 vanillic acid sample was only significantly (p < 0.05) 

higher on day 3 and 6 (Fig. 2).  All the samples had a final enodospore concentration 

above 106 cfu mL-1.   

 

Change in pH 

The initial pH of the Alicyclobacillus control sample (without precursors) and the 

samples supplemented with vanillin or vanillic acid were all at pH 3.3 (Fig. 3).  The 

slightly lower pH of the samples supplemented with vanillic acid was ascribed to the 

added vanillic acid (Fig. 3).  The Alicyclobacillus control sample (without precursors) 

had an increase and decrease in pH from day 5 to 7, however, the final pH was not 

significantly (p ≥ 0.05) higher than the initial pH.  The vanillin control sample also had an 

increase and decrease in pH during the 7 d with a final pH of 3.3 (Fig. 3).  Only a slight 

decrease in pH was observed in the vanillic acid control samples from 3.3 to 3.2.   

The 10 mg L-1 vanillin sample showed an increase in pH in the first 24 h and the 

final pH of 3.4 was higher than the initial pH.  The final pH was also higher than the pH 

of the vanillin control sample.  The sample supplemented with 100 mg L-1 vanillin also 

had an increase in pH, with a final pH of 3.4 (Fig. 3).  The sample supplemented with  

10 mg L-1 vanillic acid, had an increase in pH until day 4, with a final pH of 3.4.  The 

sample supplemented with 100 mg L-1 vanillic acid also showed an increase in pH with 

a final pH of 3.4 (Fig. 3).  Although an increase in pH was observed in the samples  
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Figure 2 Changes in endospore concentration of A. acidoterrestris FB2 at different 

concentrations of vanillin and vanillic acid (10 mg L-1 and 100 mg L-1) in single strength 

apple juice incubated at 45 °C for 7 d.  Vertical bars denote 0.95 confidence intervals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Changes in pH in single strength apple juice supplemented with vanillin and 

vanillic acid (10 mg L-1 and 100 mg L-1) in the presence of A. acitoterrestris incubated at 

45 °C for 7 d.  Vertical bars denote 0.95 confidence intervals. 
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supplemented with vanillin or vanillic acid and inoculated with Alicyclobacillus, the 

change in pH was less than 0.1.  Therefore, the change in pH of fruit juice would not be 

a clear indication of guaiacol production and spoilage caused by Alicyclobacillus.   

 

Guaiacol production measured with PECA 

Using the PECA method, no colour change was observed in the Alicyclobacillus control 

or the supplement control samples during the 7 d incubation period.  Guaiacol 

production in the 10 mg L-1 vanillin and 10 mg L-1 vanillic acid samples were also not 

detected during the 7 d (Fig. 4) using the PECA method.  This may indicate that low 

concentrations of guaiacol in apple juice could not be detected with the PECA method. 

Guaiacol concentration in the sample supplemented with 100 mg L-1 vanillic acid 

increased significantly (p < 0.05) in the first 2 d to a maximum concentration of 0.783 

mM (97.20 mg L-1) (Fig. 4).  The guaiacol concentration measured from day 1 to 7 was 

significantly (p < 0.05) higher than the guaiacol concentration measured in the 

Alicyclobacillus control and supplement controls. In the sample supplemented with  

100 mg L-1 vanillin the guaiacol concentration increased steadily during the first 24 h 

and then increase significantly (p < 0.05)  from day 1 to 6 (Fig 4).  The maximum 

guaiacol concentration was 0.687mM (85.28 mg L-1) on day 7 (Fig. 4), indicating that 

the PECA was able to detect guaiacol when a higher concentration of precursors was 

present in the apple juice. 

 

HPLC analysis 

The HPLC method was used to quantify the concentration of the precursors, vanillin and 

vanillic acid, as well as the produced guaiacol in the samples.  The standard solutions 

analysed with the HPLC was used to obtain standard curves for the quantification of 

vanillin, vanillic acid and guaiacol.  The standard curves used for the quantification are 

given in the appendix (Figs. 2A - 4A, Appendix).  Guaiacol was not detected in the 

Alicyclobacillus or the supplement control samples (Fig. 5).  Alicyclobacillus 

acidoterrestris was, therefore, responsible for the metabolism of vanillin or vanillic acid 

and the subsequent production of guaiacol.   

 Guaiacol was produced in the 10 mg L-1 vanillic acid sample, however, the 

guaiacol concentration did not increase significantly (p ≥ 0.05) during the 7 d (Fig. 5).  A 

maximum guaiacol concentration of 0.052 mM (6.46 mg L-1) was detected.  The 

production of these low levels of guaiacol could not be detected using the PECA 
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Figure 4 Guaiacol production in the single strength apple juice supplemented with 

vanillin and vanillic acid (10 mg L-1 and 100 mg L-1) in the presence of A. acidoterrestris 

during the 7 d incubation measured with PECA.  Vertical bars denote 0.95 confidence 

intervals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Guaiacol production in the single strength apple juice supplemented with 

vanillin and vanillic acid (10 mg L-1 and 100 mg L-1) in the presence of A. acidoterrestris 

during the 7 d incubation measured with high performance liquid chromatography 

(HPLC).  Vertical bars denote 0.95 confidence intervals.  
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method.  The vanillic acid present in the 10 mg L-1 vanillic acid sample was depleted 

within the first 24 h after inoculation (Fig. 6).  The guaiacol concentration in the 100 mg 

L-1 vanillic acid sample increased significantly (p < 0.05) in the first 48 h, thereafter the 

guaiacol concentration increase steadily until day 4 with a maximum guaiacol 

concentration of 0.522 mM (64.80 mg L-1) (Fig. 5) (PECA, 0.783 mM).  The vanillic acid 

concentration in this sample decreased significantly (p < 0.05) until day 2 (Fig. 6) and 

was not detected from day 2 to 7.  

Although the guaiacol concentration in the 10 mg L-1 vanillin sample did not 

increase significantly (p ≥ 0.05) during the 7 d, low concentrations of guaiacol was 

produced (Fig. 5).  A maximum guaiacol concentration of 0.116 mM (14.40 mg L-1) was 

detected in the sample on day 6 (Fig. 5).  The vanillin concentration in the 10 mg L-1 

vanillin sample decrease the first 48 h after inoculation and was not detected from day 2 

to 7 (Fig. 7).  In the 100 mg L-1 vanillin sample the guaiacol concentration increased 

steadily for the first 3 d and a significant (p < 0.05) increase was observed from day 3 to 

6 (Fig. 5).  The maximum guaiacol concentration in this sample was detected as 0.823 

mM (102.17 mg L-1) on day 6 (Fig. 5) (PECA, 0.687 mM).  The vanillin concentration in 

this sample decreased during the 7 d and was completely depleted on day 7 (Fig. 7).   

Guaiacol concentrations well above the BET values for taste (0.24 – 2.00 µg L-1) 

and odour (0.50 - 2.32 µg L-1) in apple juice was produced in the 10 mg L-1 vanillin and 

10 mg L-1 vanillic acid samples, indicating that fruit juice with a vanillin or vanillic acid 

concentration of as low as 10 mg L-1 has the potential to spoil if the juice is 

contaminated with A. acidoterrestris.  The guaiacol production by A. acidoterrestris 

increased with an increase in vanillin and vanillic acid concentration.  This shows that 

the spoilage potential of a fruit juice will increase with an increase in precursors 

available for guaiacol production for metabolism by A. acidoterrestris.   

Although the samples were incubated in sealed containers, a decrease in 

guaiacol concentration was observed in the samples over time (Fig. 5).  Previous 

research reported the possibility that guaiacol can be reduced to catechol (Pometto et 

al., 1981; Rahouti et al., 1989; Álvarez-Rodríguez et al., 2003; Topakas et al., 2003).  

However, the reason for a decrease in the guaiacol concentration in apple juice in this 

study remains unclear. 

 

Comparison of the PECA with HPLC 

An interclass correlation was used to indicate the correlation between the data obtained 
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Figure 6 The decrease in vanillic acid concentrations (10 mg L-1 and 100 mg L-1) in 

single strength apple juice in the presence of A. acidoterrestris during the 7 d incubation 

period measured with HPLC.  Vertical bars denote 0.95 confidence intervals.  
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Figure 7 The decrease in vanillin concentrations (10 mg L-1 and 100 mg L-1) in single 

strength apple juice in the presence of A. acidoterrestris during the 7 d incubation period 

measured with HPLC.  Vertical bars denote 0.95 confidence intervals. 
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with the two methods, the PECA and HPLC, used in this study to quantify guaiacol 

production.  High agreement and consistency values of 0.876 and 0.918, respectively 

were observed between the two methods (Fig. 8), indicating that the trends of the data 

obtained by the two methods were similar.  Most of the samples were, however, below 

the x = y line (Fig. 8), indicating that higher guaiacol concentrations were measured with 

the PECA compared to HPLC.  This may possibly be due to the colour of the apple juice 

that influences the PECA measurements, resulting in a higher guaiacol concentration.  

 

CONCLUSION 

The precursors, vanillin and vanillic acid and the metabolic activity of A. acidoterrestris 

FB2 are prerequisites for the spoilage of apple juice by guaiacol.  Fruit juice with a 

concentration as low as 10 mg L-1 vanillin or vanillic acid have the potential to result in 

spoilage and an increase in precursors in the fruit juice, increases the spoilage potential 

of the fruit juice by A. acidoterrestris.  Therefore, the concentrations of these 

compounds in commercial fruit juice are important in indicating the spoilage potential.  

In the development of juice products and different blends of fruit juices, special care 

must be taken not to concentrate the amount of vanillin and vanillic acid present in the 

fruit juices  

Changes in pH and the guaiacol measured using the PECA method was not 

adequate to indicate the spoilage of apple juice.  Previous studies recommended PECA 

as a screening tool to indicate the presence of guaiacol, however, the PECA is not 

sensitive enough for the detection of guaiacol at low concentrations in apple juice 

samples.  The guaiacol production measured with the two methods is very 

 different.  The colour of the apple juice may have influenced the guaiacol 

measurements by the PECA method and the natural compounds in the apple juice may 

have influence the identification and quantification of the compounds with the HPLC 

method.  Improved sample preparation and separation with HPLC may improve the 

quantification of the compounds present in fruit juice samples. 
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Figure 1A The standard curve for determination of guaiacol concentration in apple juice 

with the PECA.  The equation of the regression line as well as the r2 value is indicated 

on the graph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2A The standard curve for determination of guaiacol concentration by HPLC-

DAD.  The equation of the regression line as well as the r2 value is indicated on the 

graph. 
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Figure 3A The standard curve for determination of vanillic acid concentration by HPLC-

DAD.  The equation of the regression line as well as the r2 value is indicated on the 

graph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4A The standard curve for determination of vanillin concentration by HPLC-

DAD.  The equation of the regression line as well as the r2 value is indicated on the 

graph. 
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CHAPTER 6 

 

GENERAL DISCUSSION AND CONCLUSIONS 

 

The spoilage of fruit juice and fruit juice products by Alicyclobacillus is of major concern 

to the beverage industry due to the production of the taint chemical guaiacol.  

Alicyclobacillus spp. have been acknowledged by the fruit juice industry as the target 

microbe in the design of pasteurisation processes for acidic products (Silva et al., 2000; 

Vieira et al., 2002; Silva & Gibbs, 2004).  Although previous research has focused on 

the development of methods to control Alicyclobacillus, it remains challenging to 

eliminate these bacteria from the fruit processing environment.  Numerous factors 

influence the spoilage of fruit juice with Alicyclobacillus spp. and the production of 

guaiacol (Splittstoesser et al., 1994; Chang & Kang, 2004), but little information exists 

on the metabolic pathway and the substrates that are required for guaiacol production 

(Chang & Kang, 2004).   

A high performance liquid chromatography method with UV-diode array detection 

(HPLC-DAD) was developed for the simultaneous quantification of guaiacol and its 

precursors.  This method was used to separate and quantify the supplemented 

precursors in Bacillus acidoterrestris (BAT) broth and apple juice, as well as the 

produced guaiacol.  The guaiacol concentrations measured with the HPLC-DAD method 

was compared to the guaiacol concentrations measured with the peroxidase enzyme 

colourimetric assay (PECA).  Alicyclobacillus acidoterrestris FB2 was incubated at  

45 °C for 7 d in BAT broth supplemented with ferulic acid, vanillin or vanillic acid, 

respectively to evaluate the possible precursors of guaiacol production and to establish 

the pathway of guaiacol production by A. acidoterrestris.  The spoilage potential of 

apple juice was evaluated by supplementing apple juice with either 10 mg L-1 or  

100 mg L-1 vanillin or vanillic acid, inoculated with A. acidoterrestris FB2 and incubated 

at 45 °C for 7 d.   

Vanillin and vanillic acid was confirmed as precursors of guaiacol production by 

A. acidoterrestris.  A pathway of guaiacol production by A. acidoterrestris from vanillin 

and vanillic acid was established.  The metabolic conversion of vanillic acid to guaiacol 

by A. acidoterrestris was found to be faster than the conversion of vanillin to guaiacol, 

indicating that spoilage from vanillic acid can occur in a shorter time period than 

spoilage from vanillin.  Guaiacol was not produced by A. acidoterrestris in the samples 

supplemented with ferulic acid.  Therefore it was concluded that under the conditions 
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used in this study, A. acidoterrestris cannot produce guaiacol directly from ferulic acid.  

Ferulic acid must first be converted to vanillin or vanillic acid before guaiacol can be 

produced by A. acidoterrestris.  Therefore, fruit juice with vanillin and vanillic acid pose 

a risk for spoilage by A. acidoterrestris.  Furthermore, it was found that A. acidoterrestris 

could not produce guaiacol in the absence of the precursors nor could guaiacol be 

formed without the metabolic action of A. acidoterrestris in medium and in apple juice.  

As the production of guaiacol increased with an increase in vanillin or vanillic acid 

concentration, it is evident that the concentration of precursors present in fruit juice will 

influence the spoilage potential of the juice.  Guaiacol concentrations well above the 

best estimated threshold value for taste (0.24 – 2.00 µg L-1) and odour  

(0.50 - 2.32 µg L-1) (Pettipher et al., 1997; Orr et al., 2000; Eisele & Semon, 2005; 

Siegmund & Pöllinger-Zierler, 2006) was produced by A. acidoterrestris in apple juice 

supplemented with 10 mg L-1 vanillin or 10 mg L-1 vanillic acid.  Thus, fruit juice with a 

low concentration of vanillin or vanillic acid has the potential to spoil if contaminated with 

A. acidoterrestris.   

The pH of single strength apple juice supplemented with vanillin and vanillic acid 

(10 mg L-1 and 100 mg L-1) in the presence of A. acidoterrestris was evaluated to 

determine if guaiacol spoilage have an effect on the pH of the fruit juice.  An increase of 

0.1 in pH was observed in the samples supplemented with the precursors and 

inoculated with Alicyclobacillus.  Therefore, the change in pH of fruit juice is not a clear 

indication of guaiacol production and spoilage caused by Alicyclobacillus.  The 

peroxidase enzyme colourimetric assay (PECA) generally used as an absent/present 

test of guaiacol (Chang & Kang, 2005) was used as a rapid method to detect and 

quantify guaiacol using a standard curve of known guaiacol concentrations and 

absorbance at 420 nm.  Although the PECA method is an inexpensive, rapid method 

that is easy to use and does not require expensive and complicated equipment or 

chemicals, this method is not recommended for the detection and quantification of 

guaiacol.  The high concentrations (1 000 mg L-1) of vanillin and vanillic acid caused a 

pale yellow discolouration with the PECA, resulting in higher guaiacol measurements.  

The PECA could also not differentiate between the apple juice samples with low 

concentrations of guaiacol and the control samples without guaiacol.  The significant 

difference observed between the sensitivity of the PECA method and HPLC-DAD 

method with regards to guaiacol detection shows that HPLC-DAD should be used for 

quantification of guaiacol.   
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Concluding remarks 

A metabolic pathway of guaiacol production by A. acidoterrestris from vanillin and 

vanillic acid was established.  This study shows that the precursors of guaiacol, vanillin 

and vanillic acid are prerequisites for the production of guaiacol by Alicyclobacillus spp.  

Furthermore, the concentrations of these precursors present in fruit juice will give an 

indication of the spoilage potential of a specific fruit juice.  It is recommended that the 

concentration of vanillin and vanillic acid in commercial fruit juices are determined to 

provide an indication of its spoilage potential.  The knowledge of the spoilage potential 

could assist in the effective use or processing of these products to prevent 

contamination and guaiacol spoilage.  Fruit juice products with high guaiacol spoilage 

potential could be used in confectionary or baking, as fresh juice with refrigeration 

requirements or a reduced shelf-life to prevent the production of guaiacol.  Care must 

be taken in the development of juice products not to concentrate or increase the amount 

of vanillin and vanillic acid present.  The removal or minimisation of precursors in fruit 

juices can prevent or reduce the spoilage of fruit juices. 
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