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Abstract  
 

 

Recent changes in the European sugar market force the sugar refineries to further 

increase the efficiency of the production process e.g. by scaling up. Consequently, the 

storage of sugar thick juice, a highly concentrated intermediate in the production of beet 

sugar, to increase both the capacity and the efficiency of the refineries will become 

increasingly important. However, thick juice storage as currently practiced commonly 

faces problems due to juice degradation. The precise cause for this problem was ill 

defined but believed to be of microbial origin. The major challenge at the start of the 

research described in this thesis was to describe the microbial population dynamics 

during thick juice storage in order to identify the causative degradation microflora and to 

define optimal good storage practices with the ultimate goal of restricting or preventing 

thick juice degradation. 

In the last two decades, major changes have occurred in how microbial ecologists 

study microbial communities. Limitations associated with traditional culture-based 

methods have pushed for the development of culture-independent techniques, which are 

primarily based on the analysis of nucleic acids (discussed in Chapter 1). In this research, 

thick juice microflora has been thoroughly studied with traditional and molecular tools, 

encompassing the application of 16S ribosomal RNA gene clone libraries and Terminal 

Restriction Fragment Length Polymorphism (T-RFLP) analysis (Chapter 3), providing a 

more comprehensive representation of the thick juice microflora than the previous 

studies. The initial, heterogeneous microflora in freshly produced thick juice evolved to 

the dominance (>99%) of Tetragenococcus halophilus during storage. Based on its high 

population density (106–107 cfu/mL), the ability to consume sucrose and the similar 

acidification pattern of artificially infested sterile thick juice, T. halophilus is proposed to 

be the key player in thick juice degradation (Chapter 3). Remarkably, T. halophilus has 

thus far been associated only with high salt food products and our work is the first to 

associate it with high sugar matrices. Therefore, different T. halophilus strains either 

from thick juice or from high salt environments were compared in depth (Chapter 4). 

Using a range of genetic typing methods and physiological tests including repetitive 

extragenic palindrome analysis (REP-PCR), random amplification of polymorphic DNA 

(RAPD), and determination of carbon utilization patterns (Biolog), clear differences were 

found between T. halophilus strains isolated from salt and sugar rich environments 

(Chapter 4). Irrespective these differences, DNA-DNA hybridization grouped all strains 

within the species T. halophilus, except two isolates from sugar thick juice that showed 
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different physiological and/or genetic characteristics, and that appear to represent two 

new species of Tetragenococcus.  

In addition to T. halophilus, other bacteria such as Staphylococcus and Bacillus 

species were consistently present in lower steady concentrations of 103 cfu/mL. To have 

an early detection tool for the different bacteria that may occur in thick juice, a DNA 

array was developed containing detector oligonucleotides for the genera Bacillus, 

Kocuria, Staphylococccus, and Tetragenococcus, and the species Aerococcus viridans, 

Leuconostoc mesenteroides and T. halophilus (Chapter 5). The developed macroarray 

was shown reliable and sensitive (up to 102 cfu) and has potential for monitoring the 

thick juice microflora during storage as an early warning system. Finally, best available 

storage practices were defined based on laboratory and pilot scale storage experiments 

using the independent variables solids content, pH, storage temperature and biocide 

concentration (Chapter 2 and 6).  

In conclusion, this work has contributed to a better description of the microbial 

population dynamics during thick juice storage and degradation, and to the definition of 

improved storage practices that will be useful for the sugar industry.  
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Samenvatting 
 

 
Recente ontwikkelingen op de Europese suikermarkt dwingen suikerraffinaderijen om de 

efficiëntie van hun productieproces nog meer te optimaliseren door o.a. schaalvergroting. 

Bijgevolg neemt het stockeren van diksap, een geconcentreerd tussenproduct in de 

productie van bietsuiker, om zowel de capaciteit als de efficiëntie van de raffinaderijen te 

verhogen, een steeds belangrijkere plaats in. Echter, momenteel is het diksap tijdens 

opslag sporadisch onderhevig aan degradatie, hetgeen vermoedelijk veroorzaakt wordt 

door microbiële activiteit. Het doel van deze thesis bestond eruit om de microbiële 

populatiedynamiek te beschrijven tijdens diksapstockage, om de diksapdegraderende 

microflora ondubbelzinnig te identificeren en om finaal goede opslagcondities te 

definiëren met het ultieme doel om diksapdegradatie in te perken of zelfs te voorkomen. 

In de laatste decennia heeft de microbiële ecologie, en meer bepaald het domein 

van de gemeenschapsstudies, heel wat veranderingen ondergaan. Zo stimuleerden de 

specifieke tekortkomingen van de traditionele, cultuur-gebaseerde technieken de 

ontwikkeling van cultuur-onafhankelijke technieken die voornamelijk gebaseerd zijn op 

de analyse van nucleïnezuren (Hoofdstuk 1). In deze thesis werd de microflora van 

diksap gekarakteriseerd met zowel cultuur-gebaseerde als cultuur-onafhankelijke 

technieken zoals de ‘Terminal Restriction Fragment Length Polymorphism’ (T-RFLP) 

techniek en het kloneren en sequeneren van 16S ribosomaal DNA (Hoofdstuk 3), 

waarmee een uitgebreider beeld van de microbiële gemeenschap in diksap kon 

gegenereerd worden in vergelijking met vorige studies. De initiële, heterogene microflora 

van vers geproduceerd diksap evolueerde tijdens opslag naar de dominantie (99%) van 

Tetragenococcus halophilus, een halofiele bacterie die tot dusver enkel in zoute 

voedingsproducten werd teruggevonden. Omwille van de hoge concentraties waarin deze 

bacterie werd gevonden tijdens opslag (106–107 kve/mL), zijn mogelijkheid om sucrose 

te consumeren en het gelijkaardig verzuringspatroon bij natuurlijke degradatie en bij 

artificieel geïnoculeerd steriel diksap, wordt T. halophilus geacht een belangrijke rol te 

spelen in diksapdegradatie (Hoofdstuk 3). Gezien deze bacterie in het verleden enkel 

werd geassocieerd met zoutrijke milieus, werden in een volgende stap verschillende T. 

halophilus isolaten van zowel diksap als van een zoutrijke omgeving grondig 

gekarakteriseerd en vergeleken (Hoofdstuk 4). Zowel genetische typeringstechnieken als 

fysiologische proeven, waaronder repetitieve PCR, ‘Random Amplified Polymorphic DNA’ 

(RAPD) analyse en metabolische ‘fingerprinting’ m.b.v. BIOLOG, gaven een duidelijk 

onderscheid tussen de T. halophilus stammen van een zout- en suikerrijke omgeving. 

DNA-DNA hybridisatie classificeerde echter alle isolaten, op twee stammen na, in het 

species T. halophilus. De twee afwijkende diksapisolaten vertoonden ook een verschillend 
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patroon voor de verscheidene genetische typeringstechnieken en/of fysiologische 

kenmerken en vertegenwoordigen mogelijk elk een nieuw species van Tetragenococcus. 

Naast T. halophilus waren ook andere bacteriën zoals Staphylococcus en Bacillus 

spp. consistent aanwezig in diksap, doch in lagere concentraties van 103 kve/mL 

(Hoofdstuk 3). Om vroegtijdig potentiële diksapcontaminanten en diksapdegraderende 

organismen te kunnen detecteren, werd een ‘DNA array’ ontwikkeld voor de belangrijkste 

diksapcontaminanten waaronder de genera Bacillus, Kocuria, Staphylococccus en 

Tetragenococcus, en de species Aerococcus viridans, Leuconostoc mesenteroides and T. 

halophilus (Hoofdstuk 5). De ontwikkelde ‘array’ bleek betrouwbaar en sensitief (tot 102 

kve) en biedt de mogelijkheid om de beschreven diksapflora op te volgen tijdens opslag 

en om alzo gepast te kunnen bijsturen indien nodig.  

Tenslotte werden ook de best beschikbare opslagtechnieken gedefinieerd voor een 

goede diksapstockage op basis van opslagexperimenten zowel op pilootschaal als in het 

laboratorium, met als onafhankelijke variabelen droge stof, pH, opslagtemperatuur en 

biocideconcentratie (Hoofdstuk 2 en 6). 

Samengevat geeft dit werk een grondig overzicht van de microbiële 

populatiedynamiek tijdens opslag en degradatie van diksap, waarnaast ook de best 

beschikbare opslagtechnieken worden gedefinieerd voor een goede diksapstockage met 

relevantie voor de industrie.  
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Chapter1 
 

1. Current knowledge about sugar thick juice production 

and  

microbial community analysis techniques* 

 

 

Sugar production goes back thousands of years and began in India probably around 2000 

BC and moved to Persia around 600 AD. Two centuries later, sugarcane cultivation 

spread from Persia to Egypt, Syria and as far as Morocco and Spain. Sugar became 

popular in tea in Britain by the end of the seventeenth century. Research on the 

cultivation of and sugar production from sugar beets was initiated in 1747, while the first 

industrial factory was built in Cucern, Germany in 1802. Beet sugar production 

technology developed rapidly, resulting in more than 400 beet sugar factories in 

European countries by 1830. During the industrial revolution between the late eighteenth 

and mid-nineteenth centuries, new developments in technology and equipment in the 

sugar technology served as a model for other industries (Asadi, 2007). 

 

 

 
Fig. 1-1. Evolution of the world sugar consumption during the last century [1]. 

 
 
 

 
 

 

*Part of this chapter is published in “Recent advances in molecular techniques to study microbial communities in food-
associated matrices and processes”; Justé, A., Thomma, B.P.H.J. and Lievens, B., 2008e. Food Microbiol. 
Doi:10.1016.j.fm.2008.04.009. Another part is published in “Present knowledge of the bacterial microflora in the extreme 
environment of sugar thick juice” Justé, A., Lievens, B., Frans, I., Klingeberg, M., Michiels C.W. and Willems, K.A., 
2008d. Food Microbiol doi:10.1016/j.fm.2008.04.010. 
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Nowadays, sugar still holds an important place in the world economy. Sugar 

consumption has increased during the last century (Fig. 1-1) from 9.6 million ton in 1900 

to more than 140 million ton in 2005. Nevertheless, the consumption per capita has 

stabilized since the early seventies of last century. Belgian producers account for 1 

million ton of sugar each year, using 20% of all national available agricultural land and 

employing 20.000 people (Bolger, 2006). On average, Belgian consumers use about 55 

kg sugar each year [1]. 

Nevertheless, with the new European policy, European production is being 

discouraged, prices are cut and the sugar industry is forced to further increase the 

efficiency of the production process e.g. by scaling up. 

 
 

1.1 Sugar production from sugar beets 

Sugar can be produced from both sugarcane (Saccharum) and sugar beet (Beta vulgaris 

L.). Sugar beets are cultivated in a moderate climate, while sugarcane is a tropical crop. 

About 26% of the world sugar is currently produced from sugar beets, mainly in Europe, 

Russia, France and the United States [2]. Sugar beet is an annual crop with a root (beet) 

penetrating 25-40 cm into the ground and containing around 16% sucrose. Beets are 

processed to crystal sugar in a succession of five operations, encompassing harvesting, 

juice extraction, clarification, evaporation and finally crystallization. Both a short and 

detailed overview of the industrial refinery process are presented in respectively Fig. 1-2 

and Fig. 1-3. 

 

 
  

  
 

Harvest Extraction Clarification Evaporation CrystaliizationHarvest Extraction Clarification Evaporation Crystaliization

  Sugar beet Diffusion juice Thick juice Sugar 

 
Fig. 1-2. Flow chart of the sugar beet refining process, from sugar beet to sugar. The star in the flow chart 

situates the problem of thick juice degradation during storage. 
 

 

Harvest 

Sugar beets are generally harvested from September until the end of December, with the 

start of the first frost which arrests photosynthesis and further growth of the root. They 

are automatically scalped and topped while still in the field. Subsequently, the roots are 

transported to the sugar factory, while the removed tops and crowns serve as feed. At 

the sugar company, the beets are sampled on arrival to determine the sucrose content. 

Stones and trash are separated while the beets are washed and sliced. 
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Extraction 

To extract the sugar, the obtained slices or cossettes are transported in a horizontal 

diffuser (RT2 type) against a hot water stream (70°C). The heat causes a destruction of 

the plant tissue and cells, thereby facilitating the extraction. As a result of this counter 

current diffusion, almost all sugar (about 98%) and soluble non-sugars, together with 

some insoluble material, are recovered in the water. In order to ensure optimal 

extraction efficiency and sugar quality, the physicochemical conditions like temperature 

and pH need to be controlled. The optimum pH is 5.8 to 6.0 since sucrose inversion is 

minimal at this pH (Asadi, 2007). The optimal temperature is 70°C. Higher temperatures 

favour diffusion but result in lower purity and subsequent processing problems. The end 

product is called diffusion juice and usually has about 15% dry substance and 0.5 to 

1.5% insoluble substances. The extracted pulp is a by-product that finds its way to 

animal feed. 

 

Clarification 

The diffusion juice contains a considerable amount of nonsugars. In the juice purification 

process, milk of lime (CaO) is added to the heated diffusion juice to precipitate as many 

non-sucrose substances like cell residues, proteins, polysaccharides (Belitz and Grosch, 

1999). Afterwards, carbonation gas (CO2) is added to precipitate the lime as calcium 

carbonate (CaCO3) and to re-adjust the pH and the alkalinity of the juice.  

 

CaO + H2O → Ca(OH)2 + CO2 → CaCO3↓ + H2O 
 

The precipitated calcium carbonate is then separated from the juice in the clarifier. 

Typical non-sucrose elimination efficiency varies between 20 and 30% and the remaining 

nonsugars are harmless to the subsequent operation steps and finally end up in 

molasses. The obtained high–purity (± 89 %), colloid-free and low colour juice is called 

thin juice and typically contains 12-13% sucrose (Asadi, 2007). 

 

Evaporation 

Concentration of the thin juice is done by evaporation. Because of energy costs, 

multiple–effect evaporation is required and achieved by flash evaporation under vacuum. 

This results in a lower boiling temperature of the juice and thus a reduced heat 

requirement. Multiple-effect evaporation is preferred since 1 kg steam entering the first 

level can evaporate as many kilograms of water as there are levels in the evaporation 

station. Evaporation results in a highly concentrated thick juice with a standard pH 

between 9.0 and 9.2 and an average sucrose content around 68°Brix (°Bx; % soluble dry 

matter in an extract) varying from 66 to 72°Bx. 

Crystallization of the thick juice can immediately follow the evaporation, or alternatively, 

thick juice may be stored in industrial tanks and processed the whole year round. Thick 
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juice storage is mostly practiced in factories with higher beet-end capacity than the 

sugar-end can handle or in factories that plan to expand their beet-end capacity.  

 

Crystallization 

To recover the maximum amount of sugar from thick juice, beet sugar factories usually 

use a three-stage boiling and crystallization process. The first stage includes thickening 

under vacuum which results in supersaturation, followed by crystallization. After this first 

crystallization, a semisolid mixture or massecuite is created, consisting of crystals and 

the surrounding solution, called mother liquor. Only the crystals that are separated from 

this liquor by centrifugation constitute the white commercial sugar. The mother liquor is 

then further used in the second and third stage of crystallization, where raw sugars are 

produced which are recycled to evaporated thick juice (stage 1).The mother liquor of the 

third stage is called molasses and can not be used for an additional crystallization 

because of its high viscosity and nonsugars content. The by-product molasses still 

contains 50% sucrose and is used in animal feed, yeast, citric acid, alcohol and 

pharmaceutical industries. 

Overall processing losses in sucrose recovery from beets were 0.4-0.6% in 1974 (Belitz 

and Grosch, 1999). 

 

1.2 Thick juice degradation during storage 

Sugar thick juice is the concentrated juice obtained after evaporation during sugar 

production. It has a total soluble solids content of about 69°Bx and a slightly alkaline pH 

of around 9.0. Storing thick juice beyond extraction and refining has been commonly 

practiced by many sugar companies worldwide since it was first introduced in 1960 in the 

USA. Earlier research and industrial practice (Asadi, 2007) have demonstrated that thick 

juice stability is best managed by controlling parameters such as solids content, pH and 

temperature, since these parameters directly influence microbial growth (Willems et al., 

2003). However, even when seemingly adopting good storage practices, thick juice 

degradation resulting from microbial contamination still occurs. The most pronounced 

symptoms of degradation are a reduction in pH from 9 to 5-6 and typically, an increase 

in reducing sugar content (Sargent et al., 1997; Willems et al., 2003), resulting in 

reduced sucrose yield and financial loss. 
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Fig. 1-3. Overview of beet sugar production. After harvesting the beets, extraction of the sucrose is followed by juice purification with lime milk and C02. The clear thin juice 
is then evaporated, and the resulting thick juice is crystallized to obtain commercial sugar [3].
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The causal microflora held responsible for thick juice degradation has not been 

unambiguously identified. Sargent et al. (1997) proposed that mesophilic flora detected 

on plate count agar (PCA) caused the pH drop, while Willems et al. (2003) suggested a 

correlation of thick juice degradation with previously undetected ‘fastidious bacteria’ 

(FB), a component of the microbial flora that does not grow on the conventional non-

selective bacterial plating media, but that requires growth media enriched with blood. 

The hypothesis was formulated that thick juice degradation involves a microbial 

succession, driven by a progressive change of environmental conditions brought about by 

the bacteria themselves. The ratio of fastidious and mesophilic counts was proposed as 

the perfect monitoring tool, since both bacterial populations were reported to co-evolve 

during storage with a characteristic shift to dominance of the fastidious bacteria when 

degradation occurred. 

Although numerous studies have reported on the microflora of sugar beets and 

the extraction juice (Hollaus and Klaushofer, 1973; Bugbee et al., 1975; Belamri et al., 

1991), only few authors report the presence and growth of bacteria in the highly 

concentrated thick juice (Van der Poel et al., 1998; Willems et al., 2003; ICMSF, 2005). 

In general, evaporation is conducted at temperatures (approximately 12 min above 

100°C) that eliminate most of the microorganisms present. As a consequence, only heat-

resistant spore formers like Bacillus and Clostridium are expected to grow in thick juice 

when conditions become favourable. However, several vegetative bacteria like 

Staphylococcus equorum, Streptococcus macedonicus, Lactobacillus spp. and 

Tetragenococcus halophilus have been isolated from thick juice (Willems et al., 2003). In 

view of the high temperatures that are used during evaporation, these bacteria are 

unlikely to survive the refining process, but rather to originate from environmental 

contamination after the evaporation. Indeed, the surface of thick juice tanks was 

reported to contain airborne contaminants (Pollach et al., 1999). Nevertheless, this 

contamination appeared unrelated to the phenomenon of bulk degradation (Willems et 

al., 2003). 

As thick juice has a solids content of 66° to 72° Bx, corresponding to an aw value 

of 0.85 to 0.80 (Justé, unpublished), only a limited bacterial microflora is expected to 

grow in this extreme environment (Grant, 2004). In the past, it was generally believed 

that the extreme environment of thick juice does not allow bacterial growth. Microbial 

growth was only ascribed to a few osmophilic yeasts and moulds (ICMSF, 2005). 

Nevertheless, the presence of bacteria in thick juice has recently been better 

documented. While in some studies bacteria were only vaguely described as mesophiles 

(Sargent et al., 1997) or gram-positive cocci (Hein et al., 2002), other studies report 

identifications to the species level (Van der Poel et al., 1998; Willems et al., 2003). All 
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bacteria previously isolated from thick juice, encompassing 28 different species, are 

listed in Table 1-1. 

It should be noted that several thick juice bacteria are also known to occur in 

other steps of the sugar refinery process, including taxa like Bacillus, Lactobacillus, 

Leuconostoc and Pseudomonas (Klaushofer et al., 1971; Bugbee et al., 1975; Belamri et 

al., 1991; Samaraweera et al., 1995; Van der Poel et al., 1998). 

To our knowledge, so far only few reports are available describing the 

(osmophilic) bacterial flora of an environment with aw values as low as in sugar thick 

juice (aw < 0.86), making comparisons with other matrices rather difficult. Maple syrup 

(aw = 0.75), which is obtained in a comparable manner to beet sugar, is produced from 

naturally growing maple trees after collection and evaporation of the maple sap. 

Although the microflora of the unconcentrated maple sap has been well described 

(Lagacé et al., 2004; ICMSF, 2005; Lagacé et al., 2006), the microflora of maple syrup 

itself has never been studied as is the case for palm syrup (ICMSF, 2005). In contrast, 

the composition of the microbial community of honey (aw = 0.5-0.6) was studied by 

Iurlina and Fritz (2005), and features several bacterial species including Bacillus cereus, 

B. pumilus, B. laterosporus and Pseudomonas larvae. However, these bacteria do not 

grow in the product and are not involved in any degradation process.  

An interesting question related to the diversity of bacteria detected in thick juice 

is how these bacteria end up in thick juice. After all, the severe heat treatment during 

evaporation kills, in principle, all vegetative bacteria. Almost all detected thick juice 

bacteria have been isolated from the air, suggesting that air contamination could be an 

important contributing factor to the thick juice microbial composition. Therefore, 

installing an air filter at the top of the thick juice tank might reduce this contamination. 

Van der Poel et al. (1998) additionally suggested process water like condensates and 

sugar solutions as source of contamination. 

From many matrices, the majority of microorganisms cannot be cultivated using 

traditional culture based methods (Rapp and Giovanni, 2003). Up to now, the thick juice 

microflora has never been analyzed with non-culture based techniques. Consequently, 

there is at least a possibility that the dominant or the causal thick juice flora has never 

been detected. Further studies are needed to create a more comprehensive view of the 

total microflora, including the non-culturable populations. This whole community 

approach would make it possible to clearly distinguish and identify the microbial 

population(s) causing thick juice degradation. Ultimately, an appropriate detection 

system, culture- or non-culture based, could contribute to the development of 

management strategies for controlling microbial thick juice degradation. 
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Table 1-1. Presumptive identifications of microflora known to occur in sugar thick juice (literature until November 2007) 
Class/Family Presumptive ID 

a
Identification technique Similarity (%) 

a
Lenght (bp) 

a
GenBank Reference

Accession N°

Bacteria

Actinobacteria

Micrococacceae Kocuria rhizophila 16S rDNA sequencing 99 1472 EU660422 Willems et al., 2003

Micrococcus lylae Biolog - - - Willems et al., 2003

Bacilli

Aerococcaceae Aerococcus  sp. / A. viridans Biolog/ SDS-PAGE - - - Willems et al., 2003

Bacilliaceae Bacillus cereus API - - - Willems et al. 2003

 B. psychrodurans 16S rDNA sequencing 99 1312 EU660425 Willems et al., 2003

B. pumilus API - - - Willems et al. 2003

B. simplex 16S rDNA sequencing 100 1503 EU660430 Willems et al., 2003

B. sphaericus API - - - Willems et al., 2003

B. subtilis API - - - Willems et al. 2003

Sporosarcina globispora 16S rDNA sequencing 99 1504 EU660424 Willems et al., 2003

Carnobacteriaceae Desemzia incerta 16S rDNA sequencing 99 1503 EU660427 Willems et al., 2003

Enterococcaceae Tetragenococcus halophilus 16S rDNA sequencing 99 1511 EU660432 Willems et al. 2003

Lactobacillaceae Lactobacillus brevis API - - - Willems et al., 2003

L. delbrueckii API - - - Willems et al., 2003

Lactococcus lactis lactis API - - - Willems et al., 2003

Staphylococcaceae Staphylococcus sp. - - - - Willems et al. 2003

S. aureus 16S rDNA sequencing 100 1504 EU660423 Willems et al., 2003

S. epidermis 16S rDNA sequencing 99 1503 EU660426 Willems et al., 2003

C-TJ33 S. equorum 16S rDNA sequencing 100 1408 EU637621 Willems et al. 2003

S. saprophyticus 16S rDNA sequencing 99 1505 EU637631 Willems et al., 2003

Streptococcaceae Streptococcus macedonicus Biolog GP2 / SDS-PAGE - - - Willems et al., 2003

Lactococcus raffinolactis Biolog GP2 / SDS-PAGE - - - Willems et al., 2003

Proteobacteria

Enterobacteriaceae Enterobacter  sp. Biolog/API - - - Willems et al., 2003

Leuconostocaceae Leuconostoc  sp. - - - - Van der Poel et al., 1998

Pseudomonadaceae Pseudomonas  sp. 16S rDNA sequencing 99 1489 EU660428 Willems et al. 2003

Pseudomonas  sp. (P. fluorescens  complex) Biolog - - - Willems et al., 2003

P. fragi API - - - Willems et al., 2003

Xanthomonadaceae Stenotrophomonas maltophilia Biolog - - - Willems et al., 2003  

- no data available; API: Only very good identifications were included. a Presumptive identity was determined as the most homologous sequences obtained (>97% similarity; Drancourt et al., 
2000) by comparison to the GenBank database by using the BLAST program located at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov).



Current knowledge about sugar tick juice production and microbial community analysis techniques 

 9 

1.3 Microbial community analysis techniques in food and food-

associated matrices 

The importance of ecological concepts for understanding the microbial dynamics is well 

recognized by food microbiologists (Giraffa and Neviani, 2001; Giraffa, 2004). Flavor, 

texture and preservative qualities of fermented food products like cheese, yogurt, 

sausages, wine and sour dough breads are established through (the use of) different 

microbial communities (Willems et al., 2003; Temmerman et al., 2004; Camu et al., 

2007; Cocolin and Ercolini, 2008). Close monitoring of the changes in microbial 

populations throughout the production process allows better comprehension and 

management of the microbial processes involved in food processing and ripening (Barriga 

et al., 1991; Walls and Scott, 1997; Delfini and Formica, 2001) and improvement of 

microbiological safety by fast and accurate monitoring of potential pathogens (Liu, 2004). 

Altogether, accurate detection and reliable identification at the species (and strain) level, 

as well as ecological studies on the community structure and dynamics support food 

quality and safety as requested by consumer, industry and government.  

Knowledge about the microbial community structure, the dynamics of its 

evolution, and the interactions between different populations in food-associated matrices 

is a basis for the development of new or improved methods for controlling undesired 

microbes in foods. Traditionally, the occurrence of microorganisms in a given 

environment or industrial process has been studied by culture-based methods. 

Increasingly, it is recognized that these methods often fail to detect (minor) populations 

or microorganisms for which selective enrichment is necessary. Moreover, stressed or 

weakened cells often need specific culture conditions to recover and to become 

cultivable. In addition, some bacteria, even in the absence of stress or injury, cannot 

(yet) be cultured on conventional laboratory media, representing a serious drawback of 

these methods. It is estimated that generally less than 1% of the microorganisms in 

many environmental samples may be cultured (Head et al., 1998; Rapp and Giovannoni, 

2003). Also in relatively simple food matrices, such as fermented foods in which 

‘culturable’ microorganisms generally predominate, Ampe et al. (1999) demonstrated 

that at least 25-50% of the active microbial community could not be cultured in vitro. 

These limitations have prompted the development of culture-independent detection 

techniques of which those based on polymerase chain reaction (PCR) amplification and 

detection of nucleic acids are the most predominant (Yang et al., 2001). Compared to 

conventional methods, molecular methods are generally faster, more specific and more 

accurate, providing a more precise picture of the microbial populations and their diversity 

in ecosystems. 
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However, unlike ecosystems such as soils, sediments or aquatic environments, 

most molecular microbial community analysis techniques have thus far only been used 

infrequently for microbial characterization of food and food-related matrices, except for 

DGGE (Lopez et al., 2003; Ercolini, 2004; Rantsiou et al., 2005; Florez and Mayo, 2006; 

Hovda et al., 2007a,b). Nevertheless, these methods are increasingly implemented in the 

food industry as well (e.g. Cambon-Bonavita et al., 2001;Rudi et al., 2002; Cardinale et 

al., 2004; Kim and Chun, 2005; Delbès et al., 2007; Hovda et al., 2007a,b; Nordstrom et 

al., 2007; Justé et al., 2008b), which is confirmed for food fermentations by an excellent 

book review (Cocolin and Ercolini, 2008).  

Further in this chapter, we outline some recent advances in the use of molecular 

PCR-based methods for thorough characterization of microbial communities, with an 

emphasis on food systems, and focusing on microbial diversity, identity and quantity. 

Advantages, limitations and current applications of these methods are presented in 

relation to these three criteria. 

 

1.3.1 Choice of target genes 

Since its introduction in the mid-1980s, PCR has become a universal tool in molecular 

ecology, and several techniques based on PCR have been developed to study microbial 

communities. In general, DNA serves as a template for PCR amplification of genetic 

targets with universal (non-discriminative) primers to amplify all target sequences within 

a given community. As the resulting PCR products amenable for profiling are often of 

similar size, differentiation must be achieved on the basis of nucleotide sequence 

differences. Therefore, a crucial step for molecular assessment of microbial communities 

is the selection of a gene or genetic marker that can be used to differentiate a wide 

variety of organisms. Suitable genetic targets should have both variable and conserved 

regions, in which the variable domains, allowing discrimination over a wide range of 

taxonomic levels, are flanked by conserved sequences, which serve as annealing sites for 

universal PCR primers. In the absence of highly conserved regions, domains with a lower 

degree of conservation can be selected as annealing sites for degenerate primers. In 

general, ubiquitously conserved genes reflecting phylogenetic differences have been used 

as the primary target in molecular ecology. Alternatively, sequence differences within 

less widely distributed ‘functional’ genes may be exploited to study functional diversity.  

 

1.3.1.1. Ubiquitously conserved genes  

At present, the bacterial ribosomal RNA (rRNA) operon, encompassing a 5S, 16S and 23S 

rRNA gene as well as intergenic spacer (IGS) regions, is most frequently used as 

molecular marker in microbial ecology because of (i) its universal occurrence in living 
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organism, (ii) its qualities as an evolutionary and phylogenetic marker, reflected by the 

presence of both variable and highly conserved sequence domains, (iii) its high 

discriminatory potential, (iv) its, often, multiple-copy nature, resulting in more sensitive 

analyses, and (v) the extensive availability of sequences in public databases such as 

GenBank (Benson et al., 2004), which enables in turn an accurate description of the 

microbial populations present in a community (Chakravorty et al., 2007). 16S ribosomal 

and intergenic spacer sequences are available in public databases of, for example, the 

‘Ribosomal Database Project’ (RDP) (Olsen et al., 1992; Cole et al., 2005) and IWoCS, 

software to study IGS sequences by a Word Count-based System (D’Auria et al., 2006), 

RDP encompasses currently over 417.900 entries and is updated monthly. Nevertheless, 

ribosomal sequences do not always reflect sufficient sequence variation to discriminate 

between particular closely related, but ecologically distinct, taxa. Indeed, ecologically 

distinct taxa may have had time to accumulate neutral sequence divergence at rapidly 

evolving loci but not yet at the 16S rRNA level (Fox et al., 1992; Palys et al., 2000). 

Palys et al. (1997; 2000) demonstrated that DNA sequences of for example protein-

coding genes are more effective than the 16S rRNA gene for studying the ecological 

diversity of certain bacterial groups in closely related communities. Furthermore, since 

different 16S rRNA copies within a single genome can differ in sequence, multiple 

ribotypes may be obtained for a single organism, complicating interpretation of the 

analysis (Dahllöf et al., 2000). Therefore, other housekeeping genes displaying intertaxa 

sequence variation are becoming more intensively studied, including the gyrase B (gyrB) 

gene (Wang et al., 2007), the elongation factor Tu (tuf) genes (Ventura et al., 2003), the 

dnaK gene (St pkowski et al., 2003), the RNA polymerase B (rpoB) gene (Dahlöff et al., 

2000; Giacomazzi et al., 2004; Case et al., 2007), and recA gene families (Rossi et al., 

2006). However, in comparison with the 16S ribosomal sequences, databases for these 

alternative genes only contain a small number of sequences (D’Auria et al., 2006), 

limiting their use in current microbial ecology.  

 

1.3.1.2. Functional genes  

Microbial communities may be composed of quite different groups of species yet in 

essence perform the same processes. When a specific microbial process is of interest, the 

functional diversity in a given environment may be monitored by assessing the diversity 

of so-called ‘functional genes’, encoding key enzymes in the process of interest, and the 

identification of predominant gene polymorphisms. 

In general, analysis of functional diversity has been studied for well characterized 

processes in soils or aquatic environments such as nitrogen cycling (Wu et al., 2001, 

Wolsing and Priemé, 2004), sulfate reduction (Geets et al., 2006), and degradation of 

organic pollutants (Chadhain et al., 2006). To our knowledge, functional gene diversity 
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has so far not been studied in food-associated matrices. However, several applications of 

gene functional analysis have been reported for detection of and simultaneous 

discrimination among food-borne pathogens (Chizhikov et al., 2001; Volokhov et al., 

2002; Chiu et al., 2005). 

 

1.3.2 Microbial community analysis techniques 

In general, techniques for studying microbial communities can provide information on 

microbial diversity, identity and quantity. Although most of the molecular techniques 

currently used for microbial community analyses each reveal a considerable view on the 

community, none of them presents the whole picture. In general, there are two kinds of 

approaches used to study microbiology by PCR-based methods. Universal primers of 

various taxonomic resolutions are used to generate a broad mix of amplicons that are 

further analyzed through a range of techniques. Alternatively, (functional) group-specific 

PCR reactions are performed to detect and/or quantify specific organisms or genes of 

interest. The most predominant of these techniques used in microbial ecology are 

discussed below. In Table 1-2 at the end of the chapter, the different applications in food 

that are referred to in the text are further dissected.  

 

1.3.2.1. Microbial diversity  

Several well-characterized molecular techniques including denaturing and temperature 

gradient gel electrophoresis (DGGE/TGGE), single strand conformation polymorphism 

(SSCP), terminal restriction fragment length polymorphism (T-RFLP), amplified ribosomal 

DNA restriction analysis (ARDRA) and (automated) ribosomal intergenic spacer analysis 

((A)RISA), have been widely adopted for genetic analysis of microbial communities 

because they provide a relatively comprehensive description of a given community. More 

in particular, these techniques are extremely suitable to compare microbial community 

structures between different treatments, environments or situations. 

 

Denaturing gradient gel electrophoresis and temperature gradient gel 
electrophoresis  

Both denaturing gradient gel electrophoresis (DGGE) and temperature gradient gel 

electrophoresis (TGGE) examine microbial diversity based on sequence polymorphisms 

and different melting temperatures of small PCR-amplified DNA fragments (200-700 bp) 

(Muyzer et al., 1993; 1998). Whereas DGGE uses denaturing chemicals such as 

formamide and urea to create a low to high denaturant gradient on an acrylamide gel, a 

temperature gradient is applied in TGGE. As a result, DNA fragments of similar length but 

with different sequences can be separated according to their melting properties. The 
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melting behavior depends on the length of the product, its GC-content and nucleotide 

sequence. Initially the melting process is partial, with discrete domains becoming single-

stranded, decreasing the mobility of the DNA fragments through the gel. Eventually, 

strand separation stretches over the entire length of the product with the exception of a 

GC-rich clamp (40-45 base GC-rich sequence), which is attached to the 5’-end of the 

forward primer (Sheffield et al., 1989). This clamp is highly stable in the provided 

gradient and holds the strands partially together leading to a molecule whose migration 

is extremely retarded. Although the gradients might have to be adjusted to a specific 

sample for optimal resolution (Ogier et al., 2002), these methods have the theoretical 

potential to detect differences of as little as a single or a few base pairs. 

DGGE/TGGE has been powerful to compare (structural changes in) microbial 

communities and as well as for monitoring community dynamics (Sun et al., 2004; Camu 

et al., 2007). Several regions of the 16S rRNA gene have been used for DGGE or TGGE 

fingerprinting (Ercolini et al., 2003; Randazzo et al., 2002). However, the length and 

species-specific heterogeneity of the V3 region within the 16S rRNA gene make this 

region one of the better choices (Florez and Mayo, 2006). In addition, DGGE profiles of 

mRNA-derived PCR products are increasingly used to describe the diversity in 

metabolically active populations (Otawa et al., 2006; Dar et al., 2007). Major advantages 

of both DGGE and TGGE are their affordability for molecular laboratories and the 

relatively easy interpretation of results. Furthermore, individual bands can be excised 

from the gel and characterized by sequencing. However, reliable identification by 

sequencing may be hampered by the small fragment sizes of the PCR products, which 

might not contain sufficient information for precise taxonomic classification (Øvreås, 

2000). In addition, it should be noted that different sequences may have identical 

electrophoretic mobility, resulting in co-migration of different fragments (Sekiguchi et al., 

2001). A major drawback often associated with DGGE/TGGE is lack of reproducibility 

(Powell et al., 2005), as handling of big gels, primer-dimer formation and variable gel 

staining all affect reproducibility. However, reproducibility can be enhanced by the 

inclusion of an internal standard, facilitating normalization of samples within and between 

gels (Neufeld and Mohn, 2005; Petersen and Dahllöf, 2005). Another drawback often 

associated with these methods is low sensitivity due to traditional gel staining, resulting 

in the loss of bands representing less abundant community members. Nevertheless, the 

use of fluorescently labeled primers can improve the sensitivity of detection (Moeseneder 

et al.,1999; Neufeld and Mohn, 2005). 

The first application of DGGE in food microbiology dates from 1999, when Ampe 

et al. reported on the spatial distribution of microorganisms in pozol balls, composed of a 

Mexican fermented maize dough. Since then, the community of several food or 

associated products have been analyzed with DGGE (Ercolini, 2004), including mineral 
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water (Dewettinck et al., 2001), wine (Lopez et al., 2003), sausages (Cocolin et al., 

2004; Rantsiou et al., 2005), dairy products (Ercolini, 2004; Lafarge et al., 2004; Ogier 

et al., 2004; Florez and Mayo, 2006), fermenting cassava dough (Miambi et al., 2003), 

beef (Ercolini et al., 2006), and fish (Giacomazzi et al., 2004; Hovda et al., 2007a,b).  

 

Single strand conformation polymorphism  

Another technique that relies on electrophoretic separation of PCR products and that has 

been used for the analysis of microbial communities is single strand conformation 

polymorphism (SSCP) (Orita et al., 1989; Lee et al., 1996). Like DGGE and TGGE, this 

method allows separation of different DNA fragments of similar length. In contrast to 

DGGE/TGGE, SSCP separates PCR products based on conformational differences of folded 

single-stranded products. Following denaturation, single stranded DNA fragments are 

loaded on a non-denaturing acrylamide gel. Under non-denaturing conditions a stable 

secondary structure is formed which is mainly determined by the intramolecular 

interactions that depend on the nucleotide sequence. Based on the migration of these 

secondary structures in the gel, products with similar molecular weight can be separated 

and visualized. In general, SSCP has the same advantages and limitations as DGGE or 

TGGE. However, since no clamped primers are required, PCR amplification is more robust 

than in the case of DGGE or TGGE. However, a major limitation of SSCP is the formation 

of several stable conformations out of one single stranded DNA fragment, resulting in 

multiple bands on gel (Tiedje et al., 1999). Furthermore, a high rate of re-annealing of 

DNA strands during electrophoresis has been reported (Selvakumar et al., 1997), 

especially in the analysis of high-diversity communities since these samples typically 

require high DNA concentrations for loading (Schwieger and Tebbe, 1998). However, this 

problem can be circumvented by using one 5’-phosphorylated primer (Schwieger and 

Tebbe, 1998) which allows selective removal of the corresponding phosphorylated strand 

after PCR through digestion with lambda exonuclease. 

SSCP has been applied to study microbial communities in different matrices 

ranging from water (Lee et al., 1996, Lin et al., 2007) and soils (Sliwinski and Goodman, 

2004; Witzig et al., 2006) to anaerobic digestors (Zumstein et al., 2000, Leclerc et al., 

2001). However, so far applications in food microbiology have been limited to cheese 

(Duthoit et al., 2003; Delbès et al., 2007). Originally, this technique has been developed 

for detection of mutations (Hayashi, 1997; Hamzeiy et al., 2002), and is as well used for 

the differentiation and typing of isolates (Wagner et al., 2000; Moore et al., 2000).  
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Terminal restriction fragment length polymorphism  

Terminal restriction fragment length polymorphism (T-RFLP) analysis is another PCR-

based community profiling method that is commonly used for comparative microbial 

community analysis. Marker genes are amplified with (a) fluorescently labeled primer(s), 

followed by restriction digestion (typically using 4-base cutters) and separation and 

detection on an automated sequencer (Liu et al., 1997). Only labeled terminal restriction 

fragments (TRFs) are detected and their length heterogeneity indicates the complexity of 

the community visualized by an electropherogram. An internal size standard, labeled with 

a different fluorescent dye, allows precise length assignment with single base pair 

resolution.  

With the 16S rRNA gene as target, obtained TRFs can be compared to the rapidly 

expanding sequence database of the Ribosomal Database Project (RDP; Cole et al., 

2005), allowing predictions of the organisms present in the analyzed sample (Marsh et 

al., 2000). Because one restriction enzyme often does not provide sufficient resolution 

(Marsh, 2005), multiple restriction enzymes are typically used, increasing the specificity 

and the reliability of the assay (Osborne et al., 2006). The choice of the endonucleases is 

based on the desired degree of discriminative power, or on the need to track a specific 

population. Web-based tools including the RDP (http://rdp.cme.msu.edu) and the 

Microbial Community Analysis (MiCA) website (http://hermes.campus.uidaho.edu) allow 

the in silico prediction of TRFs, enabling selection of endonucleases. 

T-RFLP allows very sensitive detection and because of its high-throughput 

capacity, it performs well in surveys with large sample numbers, e.g. to investigate 

spatial or temporal changes in a community structure. However, this method also has 

some limitations to accurately predict microbial community structures. Incomplete or 

non-specific restriction leads to overestimation of the diversity since the number of 

fragments increases. However, restriction efficiency can be checked, e.g. by inclusion of 

an internal standard in the restriction step (Marsh et al., 2000). Overestimation of 

diversity can also be generated by pseudo terminal restriction fragments as reported by 

Egert and Friedrich (2003). These fragments are produced upon intramolecular folding of 

single stranded PCR-products, creating transient structures that are accessible for 

digestion. However, this problem can be addressed by treatment with single-strand 

specific nucleases (Egert and Friedrich, 2003). Apart from these limitations related to the 

determination of the diversity within a community, one of the major restrictions for 

identification is variation between the in silico predicted and the experimentally obtained 

TRF lengths. Kaplan and Kitts (2003), for example, measured mobility differences within 

phylogenetic groups, presumably due to sequence variability, and also detected striking 

mobility variations caused by fluctuations in ambient temperature between runs. As a 

consequence, tolerance ranges for length assignment from 1 to 2 bases are generally 
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used to allow matching with database entries, which, in turn, increase the number of 

species associated with a TRF. Another sizing variable is introduced by the choice of the 

fluorescent dye (Pandey et al., 2007). Therefore, the primers and labeling dyes should be 

carefully evaluated, optimized and standardized for an individual community under 

investigation.  

Despite these limitations, T-RFLP has become a valuable molecular tool for 

microbial community analysis, especially when high throughput and high sensitivity are 

required without the need for direct sequence information. The usefulness of T-RFLP in 

microbial ecology has been extensively demonstrated in diverse research domains 

(Jernberg et al., 2005; Rasche et al., 2006). Increasingly, also in the food industry, T-

RFLP is successfully used to describe microbial populations, e.g. in fishery (Wilson et al., 

2008), yogurt and cheese production (Rademaker et al., 2005; 2006; Sanchez et al., 

2006). In the current work, T-RFLP is being adopted for microbial community analysis of 

thick juice, an intermediate product in beet sugar production (Chapter 3). 

 

Amplified ribosomal DNA restriction analysis  

Amplified ribosomal DNA restriction analysis (ARDRA), also known as restriction fragment 

length polymorphism (RFLP) analysis of the 16S rRNA gene, is a relatively simple PCR-

based fingerprinting technique based on the digestion of amplified ribosomal community 

DNA followed by gel electrophoresis that can be used for microbial identification 

(Laguerre et al., 1994) or comparison of microbial communities and dynamics (Moyer et 

al., 1994). In contrast to T-RFLP, all digested fragments are detected, increasing the 

level of resolution. Nevertheless, likewise the complexity of the profiles also increases, 

thus hampering comparison and interpretation of complex patterns. However, one single 

restriction enzyme generally does not provide sufficient resolution, and multiple 

restriction enzymes have to be used either separately or in combination to obtain the 

desired resolution. Another drawback of this method is the limited staining sensitivity in 

gels resulting in the suppression of bands from less abundant community members or in 

a loss of phylogenetic information (Tiedje et al., 1999). As a consequence, this technique 

is only preferred when the community is dominated by a few members (Fries et al., 

1997), but is of limited use for demonstrating the presence of specific phylogenetic 

groups or for estimating complexity of communities. Acinas et al. (1997) reported the 

use of ARDRA fingerprinting to study spatial and temporal variation in bacterial marine 

plankton diversity. However, despite its potential, to our knowledge, this method has not 

yet been addressed for the analysis of whole communities in food. 
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(Automated) ribosomal intergenic spacer analysis  

Ribosomal intergenic spacer analysis (RISA) (Borneman and Triplett, 1997) involves PCR 

amplification of the intergenic region between the 16S and 23S ribosomal genes 

performed on total bacterial community DNA. This intergenic spacer (IGS) region 

displays significantly more heterogeneity in length and nucleotide sequence than the 

flanking 16S and 23S ribosomal genes. In RISA, size differences of the spacers are 

exploited for subtyping of bacterial strains or in cases where fingerprinting of ribosomal 

sequences does not provide sufficient resolution in community analysis (Kirk et al., 2004; 

Scheinert et al., 1996). In general, intergenic spacer lengths may vary between 

approximately 400 and 1200 base pairs (Fisher and Triplett, 1999). After gel 

electrophoresis of the PCR product, a complex community-specific banding pattern is 

generated, with each band corresponding to at least one organism in the community. The 

lack of sensitivity associated with this gel-based method led to the development of 

automated RISA (ARISA; Fisher and Triplett, 1999), in which the original steps of DNA 

extraction and PCR amplifications are identical, except that a fluorescently labeled primer 

is used in the PCR. The electrophoretic step is subsequently performed on an automated 

system, with laser detection of fluorescent DNA fragments. 

Potential problems associated with (A)RISA are the preferential amplification of 

shorter templates (Fisher and Triplett, 1999) and the fact that, because of IGS length 

variation within a single genome (Mateos and Markow, 2005), a single organism can 

contribute to more than one signal. In order to increase reproducibility and 

standardization, Cardinale et al. (2004) evaluated different primer sets with respect to 

universality, sensitivity and reproducibility and selected the most suitable primers for 

ARISA application in bacterial  community analysis. 

As for DGGE/TGGE and T-RFLP, ARISA has been regularly applied in microbial 

ecology (Ranjard et al., 2001; Schloss et al., 2003; Brown et al., 2005). However, only 

one study (Cardinale et al., 2004) reports on a community analysis of food samples, i.e. 

goat milk and ensiled corn. In contrast, ARISA has been frequently exploited for the 

molecular characterization of food isolates (Kabadjova et al., 2002; De Angelis et al., 

2007). 

 

1.3.2.2. Identity 

For many processes and matrices in which microorganisms are present, it is important to 

study not only the microbial diversity and differences between different samples, but also 

to precisely identify the key microorganisms. Some examples include the search for 

microorganisms that discriminate a disease suppressive from a disease conducive soil 

(Hunter et al., 2006), for microorganisms which hamper the production process of food 
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(Justé et al., 2008a, b) and for bacteria that are responsible for the characteristic flavor 

and taste of certain foods such as cheese (Duthoit et al., 2003).  

The body of DNA sequences from phylogenetic studies in public databases (Olsen 

et al., 1992; Benson et al., 2004; Cole et al., 2005; D’Auria et al., 2006) facilitates rapid 

identification of community members at the taxon level by sequencing and searching the 

databases for significant sequence homology. In addition, rapid developments in 

sequencing and DNA handling technologies have made it possible to routinely sequence 

partial-gene or whole-gene amplicons as an identification technique. However, new 

technologies such as DNA arrays provide even more attractive, high-throughput 

platforms that allow affordable and rapid identification of multiple organisms (or genes) 

based on specific, short DNA segments (Lievens et al., 2005b; Summerbell et al., 2005). 

The usefulness of both technologies in molecular ecology is discussed below. 

 

Analysis of clone libraries 

In order to identify (differential) signals obtained with the common community profiling 

techniques for gel-based approaches such as DGGE, TGGE, SSCP, ARDRA and RISA, 

bands can be excised from gels, cloned and sequenced (Lafarge et al., 2004). 

Alternatively, the PCR-amplified sequences can be directly cloned and sequenced, 

allowing species identification of individual community members. Increasingly, different 

matrices including foods are analyzed by sequence analysis of 16S rRNA gene-based 

clone libraries. (Escalante et al., 2001; Singleton et al., 2001; Kim and Chun, 2005; 

Timke et al., 2005a, b). A major drawback of the use of clone libraries, however, is that, 

depending on the matrix, sometimes as many as a few thousand clones must be 

analyzed in order to cover the phylogenetic richness hidden in a prokaryotic gene library 

(Loy et al., 2006). As a result, wide application of gene library surveys has generally 

been limited in the past (Borneman. and Triplett, 1997; Dunbar et al., 1999), 

irrespective of the considerable advances in high-throughput sequencing, rendering the 

application of clone libraries easier and more cost-effective. After all, this approach still 

remains tedious and time-consuming due to the large number of clones that has to be 

analyzed. Therefore, clone libraries are generally constructed in parallel to fingerprinting 

techniques like DGGE, T-RFLP or SSCP, that describe the complexity of the community 

and allow well-informed decisions on the number of clones to be sequenced (Duthoit et 

al., 2003; Handschur et al., 2005; Delbès et al., 2007; Justé et al., 2008b). Alternatively, 

restriction digestion of the clones may be helpful for initial screening of the clone library 

and distinguishing different restriction types which then can be sequenced (Lagacé et al., 

2004; Kim and Chun, 2005). 

Conventional DNA sequencing relies on the elegant principle of the dideoxy chain 

termination technique developed three decades ago (Sanger et al., 1977). However, this 
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technique faces limitations in both throughput and cost. One of the most promising 

alternatives is called ‘pyrosequencing’ which allows high throughput and relatively cheap 

sequencing (Ronaghi et al., 1996; 1998; 2001). In addition, pyrosequencing eliminates 

the need for cloning, thus removing the potential for both production of aberrant 

recombinants and cloning-related artifacts (Speksnijder et al., 2001). Currently, 

pyrosequencing has been used in the microbial community analysis of soils (Roesch et 

al., 2007) and mines (Edwards et al., 2006) and for the detection of single nucleotide 

polymorphisms (Fakhrai-Rad et al., 2002). In order to expand the applications for 

pyrosequencing in microbial ecology, however, the read length, which is now limited to 

250 base pairs, should be improved (Ahmadian et al., 2006). 

An alternative to sequencing of the standard conserved genes is the sequencing of 

randomly cloned community DNA, known as ‘whole-genome shotgun sequencing’ 

(Fleischmann et al., 1995). With this technology, genomic DNA is physically sheared and 

fractionated, followed by cloning and sequencing of the fragments. Multiple overlapping 

‘reads’ for the target DNA are obtained by performing several rounds of this 

fragmentation and sequencing. Unlike the previous approaches, which typically study a 

single gene, this approach offers a more global view of the community (Tyson et al., 

2004; Venter et al., 2004; Tringe et al., 2005). In addition, whole-genome shotgun 

sequencing allows for the study of gene complements and metabolic pathways in a 

community, and in some cases, reconstruction of near-complete genomes. Furthermore, 

this approach has the potential to discover new genes that are too diverged from 

currently known genes to be discovered with PCR (Riesenfeld et al., 2004).  

 

DNA array technology  

In recent years, an increasing number of techniques has been deployed that use 

distinctive short nucleic acid segments (oligonucleotides) in identification procedures. 

Among these is DNA array technology, which was originally designed for gene expression 

or single nucleotide polymorphism profiling (Saiki et al., 1989), the most suitable 

technique for identification of an, in principle, unlimited amount of unknown DNA 

sequences in a single assay (Lievens et al., 2005b). With this technology, specific 

detector oligonucleotides that are immobilized on a solid support hybridize with 

homologous labeled target amplicons, which then can be detected. This strategy has 

proven to be successful for microbial identification, even when species can only be 

discriminated by a single nucleotide polymorphism (Lievens et al., 2006). With regard to 

the characterization of microbial communities, DNA arrays have the capacity to overcome 

some limitations associated with the restricted resolution of many fingerprinting methods 

(Mazzola, 2004), and the requirement of large sample numbers and associated costs for 

sequencing clones. In addition, since hybridization signals are proportional to the 
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quantity of target DNA, this technology may also provide quantitative information (Cho 

and Tiedje, 2002; Lievens et al., 2005a).  

Currently, two types of arrays have been developed, including low-density 

macroarrays (e.g. on a nylon membrane) and high-density microarrays (e.g. on a glass 

slide) which may contain up to hundreds or millions of detector oligonucleotides, 

respectively (Tambong et al., 2006; Xing et al., 2007). In general, DNA arrays can be 

divided into at least three categories based on the genes targeted by the array (Gentry 

et al., 2006). The first category encompasses the most common DNA arrays, so called 

phylogenetic arrays, which are based on a diagnostic marker such as the 16S rRNA gene 

and are used for microbial identification. A second category comprises functional gene 

arrays, designed for the detection of key functional genes in a given environment. The 

third category consists of metagenomic arrays which, unlike the other arrays, contain 

DNA fragments produced directly from environmental DNA and can be applied with no 

prior sequence knowledge.  

With regard to food microbiology, DNA array technology has successfully been 

used for the direct description of microbial communities in modified-atmosphere-

packaged vegetable salads (Rudi et al., 2002) and, in the current work, for monitoring 

microbial populations during sugar thick juice storage (Chapter 5). In addition, DNA 

arrays have been widely used for the detection and identification of pathogenic and 

environmental microorganisms from various sources, including food, soil, animals and 

agricultural crops (Wilson et al., 2002; Lievens et al., 2003; Bodrossy and Sessitsch, 

2004; Lievens and Thomma, 2005; Kostrzynska and Bachand, 2006; Eom et al., 2007). 

A major advantage of phylogenetic or functional gene arrays is its unlimited expanding 

capacity to detect more and other microorganisms or genes of interest. However, this 

also implies that disadvantageously, there is a need for specification of the target 

organisms or genes. Consequently, DNA arrays are unable to identify taxa for which no 

oligonucleotides are yet developed. Furthermore, it is not always possible to have perfect 

specificity for all detector oligonucleotides in a single array because they all need to 

hybridize under the same conditions. This problem can be addressed by spotting multiple 

oligonucleotides for the same target.  

 

Fluorescence in situ hybridization  

Fluorescence in situ hybridization (FISH) is another technique applied for bacterial 

identification in community analysis and combines the simplicity of microscopic 

observation and the specificity of DNA hybridization (DeLong et al., 1989). Typically, 

FISH is based on the hybridization of labeled DNA probes to taxon-specific regions of the 

bacterial ribosomal RNAs in permeabilized cells, and their subsequent detection by 
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fluorescence microscopy or flow cytometry (Amann et al., 1990; Wallner et al., 1993). In 

general, the whole procedure can be completed in a few hours (Amann et al., 1995). 

As a subtle and detailed view on the ecology of complex microbial communities is 

enhanced by analyses of minimally disturbed samples, FISH is widely used in 

environmental microbiology (Maszenan et al., 2000; Aminov et al., 2006). FISH 

technology reveals the morphology and abundance of the target organisms, but also their 

spatial organization and interactions with other organisms (Madigan et al., 2000). In food 

microbiology, FISH has been used for detection and identification of lactic acid bacteria in 

wine (Sohier and Lonvaud-Funel, 1998) and on the surface of gruyere cheese (Kollöffel et 

al., 1999), as well as for enumeration of probiotic bifidobacteria in fermented food 

(Kaufmann et al., 1997; Lahtinen et al., 2006), and carnobacteria and Lactobacillus 

brevis from sea food (Connil et al., 1998). 

A recent advance in FISH technology is the replacement of standard linear 

oligonucleotide probes by molecular beacons resulting in better discriminatory power (Xi 

et al., 2003; Lenaerts et al., 2007). Additionally, the use of molecular beacons reduces 

the need for washing, resulting in reduced cell clumping and cell loss (Sekar et al., 2004) 

and more accurate enumeration (Wallner et al., 1993). Peptide nucleic acids have also 

been used to achieve better resolution (Prescott and Fricker, 1999; Xi et al., 2003), but 

low signal-to-noise-ratios, long hybridization times and high costs limit their use.  

Although FISH can theoretically detect single cells, in practice, however, the 

detection level is often 103 cells per mL, rendering this technique in general less sensitive 

than PCR-based techniques (Hogardt et al., 2000; Moreno et al., 2003; Poppert et al., 

2005). Another limitation is the insufficient automation for high sample throughput 

(Amann et al., 2001). Furthermore, an extensive knowledge of the community is 

required since the probes need to be designed beforehand and after all, only a limited 

number of probes can be applied in one hybridization run. This last limitation becomes a 

distinct bottleneck when FISH is used for community analysis on a high level of 

phylogenetic resolution. 

 

1.3.2.3. Quantification 

Apart from knowing the identity of the (dominant) members of a community, in many 

cases it is also desirable to know the size of the respective populations, e.g. if their 

magnitude is expected to be pernicious in the case of pathogens, or beneficial in the case 

of probiotics. Therefore, quantification of the microbial populations is becoming more and 

more significant. 

An important assumption underlying the quantification of microorganisms by DNA-

based techniques, is that the amount of genomic DNA in a sample is correlated to the 

amount of biomass. However, even if that is the case, the non-linear nature of PCR-
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amplification makes it challenging to relate the amount of amplified DNA to the initial 

amount of genomic DNA in the sample. As a consequence, PCR-based fingerprinting 

techniques such as DGGE and T-RFLP or DNA arrays are often considered to be only 

semi-quantitative (Lievens et al., 2005a; Sanchez et al., 2006). In contrast, accurate 

quantification of DNA can be performed using real-time PCR (Heid et al., 1996). 

Compared to conventional PCR, this method enables an online detection of the PCR 

product, avoiding the need for post-PCR processing. In addition, real-time PCR allows 

accurate template quantification over a wide dynamic range (>107-fold) (Bustin et al., 

2005). Typically, DNA amplification is continuously monitored based on the emission of 

fluorescence. In general, the initial concentration of target DNA is linked to a precise 

threshold cycle, defined as the cycle number at which fluorescence increases above the 

background level. Ultimately, the target DNA is quantified using a calibration curve that 

relates threshold cycles to exact concentrations of template DNA. As widely discussed in 

other reviews (Mackay, 2004; Lievens et al., 2005b), accumulating amplicons can be 

detected with several chemistries that make use of either fluorescent DNA-intercalating 

dyes or sequence-specific fluorescent probes. In food microbiology, real time PCR has 

been intensively used to detect and quantify specific target organisms (Furet et al., 

2004; Yáñez et al., 2005; Rajkovic et al., 2006; Martin et al., 2006; Nordstrom et al., 

2007). However, the total amount of PCR reactions in one single tube is currently 

restricted to a handful of targets, because of the limited number of different fluorescent 

dyes available and the nature of the energizing light source that can be used in real-time 

instruments (Mackay et al., 2002), limiting a wide use in quantitative community 

analyses of complex matrices. Therefore, one of the present challenges in diagnostic 

molecular biology is the development of quantitative multiplex assays that can effectively 

screen large numbers of targets in a given sample (Lievens and Thomma, 2007). 
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Table 1-2. Overview of microbial community analyses in food that are referred to in this chapter 

Technique Primer Primer Sequence (5' - 3') Target Context  Reference  

ARDRA 27F  AGAGTTTGATCMTGGCTCAG 16S rRNA gene maple sap isolates Lagacé et al., 2004 

  1492R TACGGYTACCTTGTTACGACTT   

ARISA 16S/p2  CTTGTACACACCGCCCGTC ITS Carnobacterium food isolates Kabadjova et al., 2002 

 23S/p10 CCTTTCCCTCACGGTACTG  

ARISA 16S/p4  GCTGGATCACCTCCTTTCT- ITS Carnobacterium food isolates Kabadjova et al., 2002 

 23S/p7 GGTACTTAGATGTTTCAGTTC  

ARISA 1406f  TGYACACACCGCCCGT ITS goat milk and ensiled corn Cardinale et al., 2004 

 23Sr GGGTTBCCCCATTCRG  

ARISA ITSF GTCGTAACAAGGTAGCCGTA ITS goat milk and ensiled corn Cardinale et al., 2004 

 ITSReub GCCAAGGCATCCACC  

ARISA S-D-Bact-1522-b-S-20 TGCGGCTGGATCCCCTCCTT ITS goat milk and ensiled corn Cardinale et al., 2004 

 L-D-Bact-132-a-A-18 CCGGGTTTCCCCATTCGG  

ARISA ISRf GAAGTCGTAACAAGGT ITS Lactobacillus sanfranciscensis isolates De Angelis et al., 2007 

  ISRr CAAGGCATTCACCAT   

Cloning W02 GNTACCTTGTTACGACTT 16S rRNA gene cheese, raw milk Duthoit et al., 2003 

 W18 GAGTTTGATCMTGGCTCAG  

Cloning fD1 AGAGTTTGATCCTGGCTCAG 16S rRNA gene pozol Escalante et al., 2001 

 rD1 AAGGAGGTGATCCAGCC  

Cloning n.d. TTCCGGTTGATCC[C,T]GCCGGA 16S rRNA gene kimchi Kim and Chun., 2005 

 n.d. [C,T]CCGGCGTTGA[A,C]TCCAATT 

DGGE 338f  ACTCCTACGGGAGGCAGCAG 16S rRNA gene, V3  pozol balls, wine Ampe et al., 1999; Lopez et al., 2003 

 518r ATTACCGCGGCTGCTGG    

DGGE HDA1 ACTCCTACGGGAGGCAGCAGT 16S rRNA gene, V3 dairy products Ogier et al., 2004, Lafarge et al., 2004 

 HDA2 GTATTACCGCGGCTGCTGGCAC  

DGGE 63F  CAGGCCTAACACATGCAAGTC 16S rRNA gene, V1-V3 mineral water Dewettinck et al., 2001 

 518r ATTACCGCGGCTGCTGG    

DGGE WBAC1 GTCGTCAGCTCGTGTCGTGAGA 16S rRNA gene, V7-V8  wine Lopez et al., 2003 

 WBAC2 CCCGGGAACGTATTCACCGCG wine  

DGGE U968  ACGGGGGGAACGCGAAGAACCTTAC 16S rRNA gene, V6-V8 beef Ercolini et al., 2006 

 L1401 GCGTGTGTACAAGACCC beef  

DGGE rpoB_1675 TGYCCGATYGAAACACCKGARGG rpoB gene cold-smoked salmon: isolates Giacomazzi et al., 2004 

  rpoB_2063 TGACGYTGCATGTTCGMNCCCAT 
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Table 1-2 (continued). 
Technique Primer Primer Sequence (5' – 3)' Gene Application in this chapter Reference  

DGGE rpoB_1675ndg TG TCC GAT CGA AAC ACC TGA AGG rpoB gene cold-smoked salmon: isolates Giacomazzi et al., 2004 

 rpoB_2063ndg TGA CGT TGC ATG TTC GCA CCC AT  

DGGE 341F  CCTACGGGAGGCAGCAG 16S rRNA gene, V3-V6 salad Handschur et al., 2005 

 985R GTAAGGTTCTTCGCGTT  

 DG74f AGGAGGTGATCCAACCGC 16 rRNA gene S salad Handschur et al., 2005 

 RW01r AACTGGAGGAGGGTGGGGAT  

DGGE 338f  ACTCCTACGGGAGGCAGCAG 16S rRNA gene, V3 atlantic Cod (Gadus morhua) and salmon Hovda et al., 2007a,b 

 518R ATTACCGCGGCTGCTGG  

DGGE 357F  TACGGGAGGCAGCAG 16S rRNA gene, V3 rennet extracts, milk and cheese samples  Florez and Mayo, 2006 

 518R ATTACCGCGGCTGCTGG  from blue-veinded Cabrales cheese 

DGGE RpoF AACATCGGTTTGATCAAC rpoB gene characterization of L. sanfranciscensis De Angelis et al., 2007 

  RpoR CGTTGCATGTTGGTACCCAT  isolated from sourgdough  

DNA array KR1  TGG CTC AGA TTG AAC GCT GGC GGC 16S rRNA gene ready to eat vegetable salads  Rudi et al., 2002 

 KR2 TAC CTT GTT ACG ACT TCA CCC CA in modified atmosphere 

DNA array 27F  AGAGTTTGATCCTGGCTCAG 16S rRNA gene sugar thick juice Justé et al., 2008b 

 1492R TACGG(C/T)TACCTTGTTACGACTT 

DNA array specific primers pathogenicity  isolate identification Wilson et al., 2002 

      or virulence genes   

FAME / /   biofilms from breweries Timke et al., 2005a, b 

FISH / / 16S rRNA gene wine Sohier and Lonvaud-Funel, 1998 

FISH lm3 CGGGTGCTICCCACTTTCATG 16S rRNA gene, V9 dairy products: Kaufmann et al., 1997 

    soft cheese, yoghurt, butter and bifido-drink 

FISH / / 16S rRNA gene fermented food Lahtinen et al., 2006 

real time PCR dot AF ATTGTCTCGCGCGATTGC dotA gene Legionella pneumophila in water samples Yáñez et al., 2005 

 dot AR CCGGATCATTATTAACCATCACC    

real time PCR n.d. AAGCCTTGCAGGACATCTTCA enterotoxin B Staphylococcus aureus enterotoxins in food Rajkovic et al., 2006 

 n.d. GCCGCCAGTGTGATGGATAT cooked ham, tuna, paella, milk from milk powder   

    and a mixture of caramel and coffee creamer 

real time PCR sakF GATAAGCGTGAGGTCGATGGTT ITS meat and fermented sausages Martin et al., 2006 

 sakR GAGCTAATCCCCCATAATGAAACTAT 

real time PCR La1 GATCGCATGATCAGCTTATA 16S rRNA gene commercial fermented milk Furet et al., 2004 

  La2 AGTCTCTCAACTCGGCTATG   
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Table 1-2 (continued). 
Technique Primer Primer Sequence (5' - 3') Gene Application in this chapter Reference   

real time PCR Lj1 CACTAGACGCATGTCTAGAG 16S rRNA gene commercial fermented milk Furet et al., 2004 

 La2 AGTCTCTCAACTCGGCTATG   

real time PCR Ld1 ACATGAATCGCATGATTCAAG 16S rRNA gene commercial fermented milk Furet et al., 2004 

 Ld2 AACTCGGCTACGCATCATTG   

real time PCR Lc3 GCGGACGGGTGAGTAACACG 16S rRNA gene commercial fermented milk Furet et al., 2004 

 Lc4 GCTTACGCCATCTTTCAGCCAA   

real time PCR Lc1 GTGCTTGCACTGAGATTCGACTTA 16S rRNA gene commercial fermented milk Furet et al., 2004 

 Lc2 TGCGGTTCTTGGATCTATGCG   

real time PCR Lp1 GTGCTTGCACCGAGATTCAACATG 16S rRNA gene commercial fermented milk Furet et al., 2004 

 Lc2 TGCGGTTCTTGGATCTATGCG   

real time PCR Lr1 GTGCTTGCATCTTGATTTAATTTT 16S rRNA gene commercial fermented milk Furet et al., 2004 

 Lc2 TGCGGTTCTTGGATCTATGCG   

real time PCR St1 TTATTTGAAAGGGGCAATTGCT 16S rRNA gene commercial fermented milk Furet et al., 2004 

 St2 GTGAACTTTCCACTCTCACAC   

real time PCR tdhF TCCCTTTTCCTGCCCCC thermostable direct hemolysin oysters Nordstrom et al., 2007 

 tdhR CGCTGCCATTGTATAGTCTTTATC pathogenicity marker for Vibrio parahaemolyticus 

real time PCR trhF TTGCTTTCAGTTTGCTATTGGCT thermostable-related hemolysin oysters Nordstrom et al., 2007 

 trfR TGTTTACCGTCATATAGGCGCTT pathogenicity marker for V. parahaemolyticus 

real time PCR tlhF ACTCAACACAAGAAGAGATCGACAA thermolabile hemolysin oysters Nordstrom et al., 2007 

  tlhR GATGAGCGGTTGATGTCCAA species specific for V. parahaemolyticus  

SSCP w49 ACGGTCCAGACTCCTACGGG 16S rRNA gene, V3 cheese, raw milk Duthoit et al., 2003; Delbès et al., 2007 

 w34 TTACCGCGGCGTGCTGGCAC Duthoit et al., 2003; Delbès et al., 2008 

SSCP V2F GGCGAACGGGTGAGTAA 16S rRNA gene, V2 cheese Duthoit et al., 2003 

  V2R ACTGCTGCCTCCCGTAG Duthoit et al., 2003  

T-RFLP 27F  [6FAM]AGAGTTTGATCMTGGCTCAG 16S rRNA gene cheese, yoghurt Rademaker et al., 2005 and 2006 

 SD-BACT-0926 CCGTCAATTCCTTTRAGTTT Rademaker et al., 2005 and 2006 

T-RFLP 27F  [6FAM]AGAGTTTGATCMTGGCTCAG 16S rRNA gene sugar thick juice Justé et al., 2008b 

 1387R GGGCGGWGTGTACAAGGC   

T-RFLP 63F  [6FAM]CAGGCCTAACACATGCAAGTC 16S rRNA gene dynamics of cheese  Sanchez et al., 2006 

 358R GCTGCCTCCCGTAGGAGT starer cultures in milk  

T-RFLP 63F  [6FAM]CAGGCCTAACACATGCAAGTC 16S rRNA gene bacterial community dynamics in  Wilson et al., 2008 

  1389R ACGGGCGGTGTGTACAAG the atlantic cod Gadus morhua  
n.d.: not defined.
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1.3.3 General pitfalls and limitations 

Molecular techniques have become increasingly important in the characterization of 

microbial communities in terms of community structure, identification and quantification. 

However, despite all their advantages there remain limitations to molecular technologies 

that must be considered when performing and interpreting community analyses. 

 

1.3.3.1. Sampling 

One of these potential bottlenecks is the sampling procedure and sample size. As the 

amount of material necessary for analysis diminishes with the development of more 

sensitive technologies, developing appropriate sampling strategies is becoming even 

more challenging. Assessing the microbial community in a given environment requires a 

well-thought sampling plan that ensures a statistically representative sample. In 

addition, in order to compare different analyses, a standard sampling procedure and 

sample size should be used. Pooling multiple small samples into one extraction or using 

subsamples from a homogenized bulk sample may be the preferred sampling method.  

Different food sampling strategies have been recently discussed by Holden (2007). After 

sampling, sample treatment is the next crucial step and the choice for aerobic or 

anaerobic storage, washing, freezing or refrigeration procedures may alter the original 

microbial community and must therefore be well considered. 

 

1.3.3.2. DNA extraction and PCR amplification 

Most community analysis studies are based on the extraction of total community DNA, 

followed by PCR amplification of the nucleotide sequence of interest. Nevertheless, it is 

known that this relatively straightforward approach may be interspersed with pitfalls. 

Whether or not molecular techniques retrieve all microorganisms present in a 

sample depends primarily on the extraction efficiency of the nucleic acids of the different 

taxa in the sample. In addition, the presence of natural compounds such as 

polysaccharides, fat, carbohydrates, proteins or salts may hamper DNA extraction 

(Rossen et al., 1992; Wilson, 1997). Furthermore, these compounds may also affect PCR 

efficiency. As a result, these inhibiting substances need to be removed during DNA 

extraction or amplification enhancers should be added (Simon et al., 1996). Most 

currently available commercial extraction kits are quite successful at eliminating these 

problems. However, the presence and effect of inhibitors in the DNA extract always 

needs to be tested using proper controls. Although the purity of the extracted nucleic 

acids is crucial for efficient PCR amplification and subsequent community analysis, bias 



Current knowledge about sugar thick juice production and microbial community analysis techniques 

 

 27 

may as well be introduced by the PCR and the selected primers. The choice of the 

primers is not always trivial since primers that are believed to be ‘universal’ do not 

always amplify all targets with the same efficiency and are thus not perfectly universal 

(Forney et al., 2004). Furthermore, many sequences in public databases are incomplete 

and even more sequences are unknown. As a consequence, whole groups might be 

excluded by the chosen primers (Marchesi et al., 1998; Wantabe et al., 2001; Osborn et 

al., 2000; Hongoh et al., 2003). Degenerate primers are used when highly conserved 

domains are lacking as annealing sites for universal primers (Nicolaisen and Ramsing, 

2002). Nevertheless, an increasing degree of degeneracy increases the risk of aspecific 

DNA amplification and introduction of bias in the PCR reaction (Polz and Cavanaugh, 

1998). In addition, PCR amplification may introduce an additional source of bias. Profiles 

generated by PCR-based methods are a reflection of the pool of PCR products, and do not 

necessarily represent the original microflora. Preferential amplification of abundant 

sequences (Chandler et al., 1997), different amplification efficiency (Suzuki and 

Giovanni, 1996; Polz and Cavanaugh, 1998), differences in gene copy number (Crosby 

and Criddle., 2003), and formation of chimeric sequences (Wang and Wang, 1997) all 

decrease the reliability of the apparent biodiversity in microbial communities after PCR.  

In addition, in order to obtain an accurate quantitative representation of the 

microbial community, the number of PCR cycles needs to be optimized to ensure analysis 

of PCR fragments that were still in the exponential phase of the reaction without loosing 

information on minor populations (Suzuki and Giovanni, 1996). However, the problem of 

a non-detection of minor populations in the presence of (a) dominant population(s) may 

be addressed by several approaches. For example, Hancock et al. (2002) proposed ‘PCR 

clamping’ using peptide nucleic acids (PNA) (Ørum et al., 1993) in order to suppress PCR 

amplification of the dominant sequences. PNAs recognize and bind to their 

complementary nucleic acid sequences with higher thermal stability and specificity than 

the corresponding deoxyribooligonucleotides. Since these molecules cannot function as 

primers the PNA/DNA complex effectively blocks the formation of a PCR product when the 

PNA is targeted towards one of the PCR primer sites. Furthermore, PCR blockage can be 

accomplished when the PNA target sequence is located between the PCR primers. 

However, a disadvantage of this approach is that the initial amount of target sequences 

is influenced in an uncontrolled manner. More recently, Green and Minz (2005) described 

a suicide polymerase endonuclease restriction (SuPER) PCR to augment amplification of 

minor templates while dominant sequences are selectively inhibited from PCR. This 

SuPER PCR is based on a discriminating restriction of dominant sequences after pre-

amplification with taxon-specific primers, making these sequences unavailable for 

subsequent amplification with universal primers and thus enhancing amplification of 

sequences from minor populations. Essential to this approach are the design of a PCR to 
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selectively amplify dominant sequences and the availability of a thermotolerant 

restriction enzyme with selective cutting. Another possibility to eliminate a dominant 

population is to screen for a restriction enzyme that only cuts the sequence of the 

dominant population. However, depending on the universality of the target sequence, 

such enzymes may not exist. 

 

1.3.3.3. Viable versus non-viable 

DNA is a highly attractive target for molecular studies because it is easy to handle and 

fairly resistant to degradation. Additionally, with improved extraction methods and 

commercially available extraction kits, highly purified DNA can be obtained rather easily 

from complex environmental samples (McCartney et al., 2003; Lievens et al., 2005b). 

However, DNA-based techniques have sometimes been criticized because they do not 

distinguish living from non-living organisms (Rudi et al., 2005). In spite of that, it is 

generally accepted that DNA from dead cells will be metabolized quickly by other 

microorganisms in microbiologically active environments, such as humid or aquatic 

environments (Lebuhn et al., 2004). However, the rate of DNA degradation is very slow 

in matrices that are rich in easily degradable sugars like sugar thick juice. In this matrix, 

DNA from dead bacteria was found to be stable for over 40 days, and this may lead to 

overestimation of certain populations in the community (Chapter 5).  

To exclude detection of non-viable organisms, DNA-based techniques may be 

combined with an enrichment step (Schaad et al., 1995). However, major disadvantages 

of this approach are the loss of quantitative information since the initial amount of target 

is influenced in an uncontrolled manner, and the inability to detect organisms that are 

either slow growing or non-culturable. Perhaps a more attractive alternative is the use of 

certain chemicals such as ethidium monoazide (EMA; Rudi et al., 2005) or propidium 

monoazide (PMA) to differentiate between viable and non-viable organisms. Both these 

chemicals can penetrate comprised membranes (that generally occur in dead cells), after 

which they bind to DNA after photo-induction of the azide group. This process renders 

the DNA insoluble and unextractable by standard DNA extraction methods. PMA only 

penetrates into dead cells, whereas EMA is proven to incorporate in living cells as well, 

leading to substantial loss of DNA (Nocker et al., 2006). Alternatively, RNA can be used 

as a target instead of DNA, in combination with reverse transcriptase PCR (RT-PCR; Tan 

and Weis, 1992). Since RNA is less stable than DNA, RNA will be degraded more quickly 

in dead organisms. In addition, it is believed that RNA-based assays are more sensitive 

than DNA-based assays. This was demonstrated in a recent medical study in which more 

patients were found to be infected with Chlamydia trachomatis through an rRNA test than 

through a DNA-based test (Yang et al., 2007). This may be explained by the fact that 

bacterial rRNA is present in amounts up to 10,000 times that of genomic DNA. However, 
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because of its extreme sensitivity to degradation, specific precautions should be taken to 

extract RNA from environmental samples (Davis et al., 2006). 

 

1.3.3.4. Active versus non-active 

Another fundamental issue in microbial ecology concerns the relationship between 

microbial diversity and the biogeochemical function in a certain ecosystem. While most of 

the current applied analysis methods, starting from environmental DNA, deliver 

information about the microbial history, presence or diversity, they provide no 

information about their level of physiological activity. In contrast, messenger RNA 

(mRNA) quantities of most genes depend on the metabolic activity of the cells, and 

methods targeting RNA therefore selectively detect active microbial populations. 

Moreover, additional information on the functioning of the microbial community is 

provided (Bodrossy et al., 2006). 

 

1.3.3.5. Sequence databases: availability and quality 

Phylogenetic and genome studies are showing unequivocally that some parts of the 

genome are highly conserved across large taxonomic groups, whereas others are hyper 

variable. Because of this fundamental nature of genomes and the rapidly expanding DNA 

sequence databases, there is a huge amount of data to identify, or at least compare, 

unknown sequences at different taxonomic levels. Nevertheless, a significant proportion 

of the organisms represented in these databases is historically misidentified, and many 

more are unnamed (Crous, 2002). In addition, the quality of some sequences is not 

always optimal or sufficient, and care should be taken when interrogating these 

databases.  

 

1.3.4 Automation 

Currently, there is a clear trend towards automation of community profiling, increasing 

reproducibility and minimizing handling and costs. Automation of gel-based methods 

usually relies on capillary technology instead of acrylamide gels, which allow a higher 

throughput and also a lower detection limit. For example, when both DGGE and T-RFLP 

were used to detect different ribotypes in various soil samples, T-RFLP was found to be at 

least five times more sensitive (Tiedje et al., 1999). Nevertheless, currently, automated 

sequencers are still very expensive. In addition, analysis of fluorescently labeled PCR 

products may be perverted by the fluorophores, as there may be differences in the 

expected and observed length of the products (Kaplan and Kitts, 2003; Pandey et al., 

2007). 
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1.3.5 Concluding Remarks 

With the advent of PCR and its many applications, the field of microbial ecology has 

evolved with increasing speed over the past two decades. Moreover, now that a number 

of molecular techniques has been established in microbial ecology, the next challenge is 

to properly analyze and interpret the obtained data in relation to different other factors 

(Allison et al., 2006; Ramette, 2007). In food microbiology, however, the trend of 

molecular ecological studies is only commencing. Generally, the selection of an 

appropriate technique to study microbial communities depends on the aims of the 

research, the complexity of the community, the expertise of the lab personnel, and the 

required resolution and sensitivity level. However, when it comes to routinely monitoring 

a certain ecosystem on pre-defined characteristics, criteria such as the cost of the 

analysis and high-throughput sample analysis are additional important requirements. 

Fingerprinting techniques such as T-RFLP, TGGE/DGGE and SSCP produce a rough view 

on the microbial community structure and provide relevant data for subsequent in-depth 

analysis. Indeed, in combination with sequencing or clone library analysis, a more 

detailed profile can be obtained, allowing the design of DNA arrays and/or real-time PCR 

assays as presented in Fig. 1-4. Advantageously, such straightforward assays can be 

performed by diagnostic laboratories (Lievens and Thomma, 2005), enabling routine 

screening of food quality and safety (Zhao et al., 2001; Kokkinakis and Fragkiadakis, 

2007). As such molecular tools become available and affordable for the food industry, 

they will be incorporated into food quality and safety control programs, such as the 

mandatory Hazard Analysis of Critical Control Points (HACCP) system. One example is 

the implementation of PCR-based pathogen detection assays which has now become 

routine in food analysis, compared to its sporadic use ten years ago. 

Nevertheless, the use of molecular techniques does not have to exclude traditional 

microbial techniques. On the contrary, they can be used together to acquire more 

accurate and comprehensive results. Moreover, as our knowledge of microbial diversity 

increases and availability of large genomic datasets grows, the role of cultivation in 

environmental microbiology may enlarge again (Tyson and Banfield, 2005). Genetic and 

metabolic information may circumvent the bottlenecks that have hindered cultivation of 

many microorganisms, providing a more comprehensive picture of the total community. 

Indeed, it already appears now that for at least some of the so-called ‘non-culturable 

organisms’, it is the inability to compete on nutrient-rich media that makes them hard to 

isolate and grow. Dilution to extinction (Wise et al., 1999) and low nutrient media (Aagot 

et al., 2001) can help to culture some of these organisms, an important step to better 

characterize unknown species. 



Current knowledge about sugar thick juice production and microbial community analysis techniques 

 

 31 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

                             
 
 
 
 

   
 

 
 
 
 

 

                                          
 
              
 
Fig. 1-4. Flow diagram of potential development of a monitoring tool for microbial community analysis in food 
samples. Starting from extracted nucleic acids, a whole  community approach produces an overview of the total 
microflora, after which a more specific and detailed monitoring tool can be developed based on the obtained 
results.  
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1.4 Aim and outline of the thesis 

As described above, sugar thick juice degradation is not always well controlled in the 

sugar industry. It leads to important sugar losses in sugar refineries all over the world, 

but no consensus has been reached about the causal microflora. The aim of this thesis 

was  

- To specify the influence of process variables such as pH, temperature, solids 

content and addition of biocides on thick juice storage and stability 

- To analyze the process of thick juice degradation and to identify the causal 

flora 

- To develop a molecular method for early detection of thick juice degradation 

during storage that could be useful for industry 

 

Different pilot scale and laboratory storage experiments were set up to simulate 

industrial storage. In chapter 2, thick juice degradation was evaluated in function of 

storage temperature, solids content and hop extract as a natural biocide. These 

experiments lead us to the presumptive identification of a homogeneous group of 

fastidious bacteria as the cause of thick juice degradation. The thick juice microflora 

during storage was analyzed in more detail using a whole-community approach in 

chapter 3, more precisely with both Terminal Restriction Fragment Length Polymorphism 

(T-RFLP) and clone libraries targeting the 16S rRNA genes. Tetragenococcus halophilus 

was identified as the major organism responsible for degradation. Since T. halophilus has 

been associated thus far only with high salt food products and our work is the first to 

associate it with high sugar matrices, different T. halophilus strains either from thick juice 

or from high salt environments were compared in depth using a range of genetic typing 

methods and physiological tests in chapter 4. Beside T. halophilus, some minor 

populations of the thick juice flora were also identified. Based on these results, a 16S 

rRNA gene based DNA macroarray was designed for detection and identification of the 

most prominent thick juice bacteria in chapter 5. Additional storage experiments 

including challenge experiments with T. halophilus isolates, were described in Chapter 6, 

allowing more detailed specification of the optimal thick juice storage conditions. Finally, 

the results of this work and their relevance to the industrial sugar production are 

discussed in chapter 7. 
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*
Results described in this chapter have been published in “Protective effect of hop β-acids on microbial degradation of   

thick juice during storage”; Justé, A., Krause, M.S., Lievens, B., Klingeberg, M., Michiels C.W. and Willems, K.A.,  
2008a. J. Appl. Microbiol. 104, 51–59. 

 

 

Chapter2 
 
 

2. Effect of hop extract, solids content and storage 

temperature on microbial degradation of thick juice* 
 

2.1 Introduction 

 

As mentioned in the previous chapter, storage of thick juice is a common practice in 

many sugar companies worldwide since it was first introduced in 1960 in the USA. Earlier 

research and industrial practice (Asadi, 2007) have demonstrated that thick juice stability 

is best managed by controlling parameters such as the initial solids content (°Brix), pH 

and temperature, since these parameters directly influence microbial growth (Willems et 

al., 2003). However, even when adopting these accepted good storage practices, thick 

juice degradation resulting from microbial contamination still occurs occasionally. The 

most pronounced characteristics of degradation are a reduction in pH from pH 9 to pH 5 

to 6 and typically, an increase in reducing sugar content (Sargent et al., 1997; Willems 

et al., 2003). 

Although the use of formalin and dithiocarbamates as technical aids is allowed in 

the sugar refinery, most sugar companies prefer to avoid these chemicals in favour of 

more natural, harmless alternatives. In keeping with the concept of a chemical-free 

refinery, natural biocides are increasingly being tested for their antimicrobial effects 

during thick juice storage (Hein et al., 2006). Products derived from the hop plant 

(Humulus lupulus L.) were for the first time successfully used in the sugar industry in 

1994 to combat bacteria in beet extraction (Pollach et al., 1996). These amphiphilic hop 

components are considered harmless to humans and mammals and are important 

components of several beer types (Sakamoto and Konings, 2003). The hop (bittering) 

components are classified into α-acids (I) and soluble β-acids (II) (Fig. 2-1). These 

analogues all have the basic alcalicyclic structure (2,4-cyclohexdiene-1-one), but differ in 

the nature of the acyl side chain (Stevens, 1987). The main bittering substances are the 

iso-α-acids, but the β-acids have been reported to have greater antimicrobial activity 

(Larson et al., 1996).  



Chapter 2 

 

 34 

 

Fig. 2-1. Chemical structure of hop α-acids (I) and β-acids (II). 

 

Hop acids affect Gram-positive bacteria, but have no effect on their endospores or 

on Gram-negative bacteria, though there are some exceptions (Hollaus et al., 1997). 

They are believed to act by disrupting the proper functioning of the membrane (Teuber 

and Schamlreck, 1973) and by reducing the intracellular pH (Simpson and Hammond, 

1991; Blanco et al., 2006). Indeed, hop compounds can cross cytoplasmic membranes in 

undissociated form, being dissociated internally. Transport pathway across cell 

membranes requires a reasonably hydrophobic solute of moderate size (Blanco et al., 

2006). Since the β-acids differ from the α-acids by one acyl side chain (Fig. 2-1) that 

replaces a polar hydroxyl group, the more hydrophobic β-acids can pass more easily the 

cell membrane. Since the typical bacteria linked to thick juice spoilage are mainly Gram-

positive (Hein et al., 2002; Willems et al., 2003), hop acids have attracted attention as 

potential biopreservatives for thick juice storage.  

Currently, a 10% aqueous alkaline solution of hop ß-acids (HBA) is commercially 

available to sugar refineries under the label Betastab® 10A (Beddie et al., 2004) and is 

currently used as process aids in the production of sugar and bio-ethanol [4]. HBAs have 

emerged as highly effective agents against formation of NO2 and anaerobic infections in 

tower extractors. Under slightly alkaline conditions, HBAs are more dissociated and thus, 

are presumably less effective (Simpson & Fernandez, 1994; Larson et al., 1996). 

However, they are also more soluble under these conditions and have shown surprising 

suppressive effects against Thermus spp. which can increase NO2 levels in thin juice, the 
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purified beet juice containing approximately 15% sucrose which is evaporated to thick 

juice (Pollach et al., 2002).  

The protective effects of HBA in thin juice stored at slightly alkaline conditions 

prompted other studies aimed at determining whether similar effects could be induced by 

HBA during thick juice storage, where slightly alkaline conditions also prevail. Both 

Pollach et al. (1999) and Hein et al. (2002) observed that addition of HBA to thick juice 

decreases microbial activity. In these studies, treatments with 3 and 6 ppm HBA in 60°Bx 

thick juice considerably delayed invert sugar and acid formation. However, industrial 

thick juice is typically stored between 66° and 72°Bx.  

The primary objective of the research reported in this chapter was to investigate 

whether a commercially available HBA formulation retards microbial growth in and 

subsequent degradation of thick juice under industrial conditions of 69°Bx. Additionally, 

the influence of different Brix indices and storage temperatures was evaluated. Finally, 

culture-dependent microbiology was used to monitor the microbial flora during storage, 

and the identity of the dominant flora was determined with 16S rRNA gene sequencing. 

 

2.2 Materials and methods 

2.2.1 Thick juice storage experiments and sampling  

Long-term thick juice storage experiments were conducted to monitor degradation and 

microbial dynamics using pilot-scale storage tanks. Each of these tanks consisted of an 

upright, sealable acrylic central cylinder (dimensions: Øi: 20 cm, Hi: 200 cm, Vi: 62.8 L) 

surrounded by a temperature-controlled circulating water mantle of 27.7 L. The tanks 

were each equipped with five taps, equally positioned from the bottom to the top, 

allowing aseptic sampling at different levels of the cylinder. Fig. 2-2 demonstrates the 

experimental set up. For all pilot-scale experiments, 69°Bx thick juice was collected in 

sterile 25 L polyethylene buckets directly from a commercial processing system 

(Raffinerie Tirlemontoise, Belgium; RT). Samples were taken immediately after the 

evaporation and cooling stage. Soluble solids content was determined with a digital 

refractometer. Thereafter, the buckets were sealed and stored at 4°C until use. When 

necessary, solids content and pH were adjusted in thick juice with sterile demineralised 

water and 1 N NaOH, respectively.  
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Fig. 2-2. Experimental set up of thick juice storage experiments on a pilot scale in 60L cylinders. The cylinders 
were each equipped with five taps, equally positioned  from the bottom to the top, allowing aseptic sampling. 
The temperature is controlled by an external circulating water mantle. 
 

 

(A) Experiment I: Influence of Brix and pH on thick juice storage. In an initial 

experiment, the effects of the starting °Bx and pH on thick juice storage quality 

were studied. Thick juice was incubated for 168 days at 25°C, using a factorial 

design with 13 storage cylinders (Systat software, Inc., San Jose, CA, USA) 

(Table 2-1).  

 

Table 2-1. Experimental design of the pilot scale thick juice storage Experiment I: influence of Brix 
and pH on thick juice storage. C1–C13 represent the 13 cylinders at 25°C with their corresponding 
initial Brix (°) and pH  

pH   Brix (°)   

 65 67 69 

9,2 C7 / C8 C10 C3 / C4 

    

9 C9 C13 C11 

    

8,8 C5 /C6 C12 C1 / C2 
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(B) Experiment II: Influence of Hop β-acids on thick juice storage. In a 

subsequent experiment, the effect of different HBA concentrations on thick juice 

stability at three relevant, challenging temperatures of 20, 25 or 30°C was 

studied using a fractional factorial design with nine cylinders (Systat software, 

Inc., San Jose, CA, USA) (Table 2-2). Untreated thick juice (69°Bx and pH 8.7) 

was placed into four pilot-scale tanks that were designated as untreated controls 

(i.e. C3/C4/C5/C6). A commercial HBA product (BetaStab® 10A, BetaTec Hop 

Products, Nürnberg, Germany) was mixed into several thick juice buckets to 

achieve homogeneous concentrations of 20 ppm or 40 ppm HBA (Bhattacharya 

et al., 2003). The 20 ppm HBA-treated thick juice was placed in one storage tank 

(i.e. C9), while the 40 ppm HBA-treated thick juice was decanted into each of the 

four remaining storage tanks (i.e. C1/C2/C7/C8). All thick juice cylinders were 

covered with a lid, creating a headspace of about 5L of air and allowing 

circulation in and out of each cylinder. Two control tanks and two 40 ppm HBA-

amended thick juice tanks were incubated at 20°C (C3/C4 and C1/C2) and 30°C 

(C5/C6 and C7/C8) respectively. The single 20 ppm HBA-treated thick juice tank 

(C9) was incubated at 25°C. All thick juice cylinders were stored for 272 days. 

Weekly, 20 mL thick juice samples were drawn aseptically into sterile screw cap 

tubes from the central tap of each cylinder and analyzed for pH, microflora and 

reducing sugar content. Previous experiments indicated that there were no 

significant differences between samples taken from different heights during these 

prior thick juice storage assays (Justé, unpublished).  

 

Table 2-2. Experimental design of the pilot scale thick juice storage Experiment II: influence of Hop β-
acids on thick juice storage. K1–K9 represent the nine with their corresponding temperature (°C) and 
initial hop ß-acid concentration (ppm) 

Temperature Hop β-acid concentration  
(°C)  (ppm)  
 0 20 40 

30 C5 /C6   C7 / C8 

    

25  C9  

    

20 C3 / C4   C1 / C2 
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 (C) Experiment III. Additional thick juice storage laboratory experiment with 

autoclaved thick juice. In an additional experiment, two 400 mL thick juice samples 

with 69°Bx were autoclaved for 15 min at 121°C in 500 mL Scott flasks and stored 

aerobically at 30°C. The evolution of pH was followed to investigate possible non-

microbiological causes for the drop in pH during storage. During 45 days of storage, 10 

mL thick juice samples were drawn aseptically twice a week and analyzed for pH. 

 

 

 

2.2.2 Microbiological analysis 

Table 2-3 presents the microbiological parameters monitored during thick juice storage 

and the incubation conditions used. Samples were analyzed using ISO standard 

microbiological methods (Willems et al., 2003). Media were prepared according the 

supplier’s instructions, with the exception of tetracycline glucose yeast extract agar 

where chloramphenicol was used instead of oxytetracycline or gentamycin (100 mg/L) as 

prescribed by the ISO standard 7945 method. De Whalley agar (DWA) contained per L 

deionised water: 5.0 g yeast extract (Oxoid Limited, Basingstoke, England); 2.0 g casein 

peptone (Serva, Heidelberg, Germany); 1.0 g glycerol (Merck, Darmstadt, Germany); 

20.0 g glucose (Merck, Darmstadt, Germany); 400.0 g sucrose (Merck, Darmstadt, 

Germany) and 16.0 g agar (Oxoid Limited, Basingstoke, England). The term ‘Fastidious 

Bacteria’ (FB) is defined here as a collective term for those bacteria that form colonies on 

Columbia agar with sheep blood (CAwSB, Oxoid Limited, Basingstoke, England) after 3 to 

6 days of incubation at 30°C. 

 

Table 2-3. Microbiological parameters, growth media and aerobic incubation conditions for monitoring different 
groups of micro-organisms during long-term thick juice storage 

Microbiological  Growth medium Incubation  Incubation 

parameter  temperature (°C)  time (days) 

        

Aerobic colony count Plate count agar (PCA) 30 3 

Lactic acid bacteria De Man Rogosa Sharpe agar (MRSA) 30 3 

Yeasts and moulds Oxytetracycline glucose yeast extract agar (OGYEA)a 25 5 

Osmophilic flora De Whalley agar 25 5 

Fastidious colony count Columbia agar with 5-7% sheep blood (CAwSB) 30 6 
        
a 

Chloramphenicol was used instead of oxytetracyckine.
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2.2.3 Biochemical and chemical analyses  

Hop β-acid concentrations were determined with HPLC as described by Hein (1997). 

Briefly, hop β-acids from 10 mL thick juice samples were extracted twice with hexane. 

Subsequently, extracts were dried over anhydrous sodium sulphate and evaporated to 

dryness. The residue of each sample as well as HBA standards were dissolved in 

methanol and subjected to HPLC analysis (RP-18, Nucleosil 100-5 C18 HOP, Machery-

Nagel). The eluent consisted of methanol, water, o-phosphoric acid, and 0.1 M EDTA at 

volumetric ratios of 1700:350:5:2, respectively. UV-detection was performed at 270 nm.  

Levels of the reducing sugars (RS) glucose and fructose were determined using a 

commercial enzymatic assay (D-glucose/D-fructose assay, r-biopharm AG, Darmstadt, 

Germany). 

 

2.2.4 Sequencing of bacterial 16S rRNA genes  

Sequencing was performed on purified PCR products from pure colonies obtained with the 

universal bacterial primers 27f and 1492r  (Lane, 1991). Samples were analyzed on an 

Applied Biosystems 373A Automated Sequencer. Sequences were compared to online 

databases by using the BLAST program located at the National Center for Biotechnology 

Information website (http://www.ncbi.nlm.nih.gov) (Altschul et al., 1997; Benson et al., 

2004). 

 

2.2.5 Susceptibility of fastidious bacteria in thick juice to hop ß-acids  

Thick juice samples collected from Experiment II after 169 days of storage from pilot-

scale tanks C3 (0 ppm, 30°C) and C9 (20 ppm, 25°C), which contained approximately 

105 cfu FB/mL, were used in a dose-response sensitivity assay in search of the minimum 

concentration of HBA required to inhibit FB colony formation (minimum inhibitory 

concentration, MIC). Both hop acids treated and untreated thick juice samples were 

plated to test the difference in hop resistance between their FB. Appropriate dilutions of 

the samples were plated on CAwSB containing hop β-acids in concentrations varying 

between 0 and 160 ppm. Plates were incubated for 18 days at 30°C and colonies were 

counted after 3, 4, 5, 6, 7, 10, 14 and 18 days of incubation. 
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2.2.6 Data analysis  

Data from the thick juice storage experiments were analyzed by standard linear 

regression using the Statistical Analysis Software System (SAS Institute, Inc., Cary, N.C., 

USA). Three parameters during thick juice storage were analyzed as response variables: 

the first day of FB detection, the start of thick juice degradation defined as the day the 

pH had decreased by more than 1 unit, and the highest concentration of FB detected 

during the experiment. Initial HBA concentration and incubation temperature were 

considered as explanatory variables. The Shapiro-Wilk test was applied to test for a 

normal distribution of the residues and results were considered significant at a 95% 

confidence level (P < 0.05). 

 

2.3 Results 

2.3.1 Effect of total soluble solids (°Bx) on thick juice degradation  

In Experiment I, the storage of thick juice at 65°Bx, 67°Bx and 69°Bx was compared by 

regularly monitoring the pH evolution in pilot-scale storage tanks. Sugar refineries 

typically consider pH as one of the more reliable indicators of thick juice quality during 

storage. Fig. 2-3 demonstrates a rapid decline from almost pH 9.0 to pH 5.0 in less than 

50 days in the 65° Bx thick juice, and a more gradual and less pronounced pH decline to 

pH 7.0 occurred after more than 150 days in the 69° Bx thick juice. The pH reduction 

and rate of decline observed in the 67°Bx thick juice were intermediate compared to 

those in the 65° and 69°Bx thick juice storage (data not shown). This experiment 

highlights the relevance of the amount of total soluble solids for the degradation of thick 

juice. Since storage of thick juice in industrial practice is common at 69°Bx, thick juice 

with this soluble solids value was used for the remainder of experiments in this study.  
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Fig. 2-3. Temporal pH dynamics of 65° and 69° Bx thick juice during long term storage in pilot scale tanks at 

25°C. ▲ 69° Bx, pHi = 9.2; ♦  69° Bx, pHi = 9.0; ■ 69° Bx, pHi = 8.8; ∆ 65° Bx, pHi = 9.2; ◊ 65° Bx, pHi = 9.0; 

□ 65° Bx, pHi = 8.8. 
 

 

2.3.2 Stability of hop ß-acids during thick juice storage  

In order to detect potential breakdown of the HBA added to the thick juice, HBA 

concentrations were monitored throughout the pilot-scale storage Experiment II. The 

HBA concentration was relatively stable over the entire 260-day storage period studied, 

though a slightly declining trend could be observed overall (Fig. 2-4). This small decline 

in HBA concentration was more pronounced with storage at 30°C than at 20°C, with 

residual concentrations of respectively 69% and 77% after 260 days of storage.  
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Fig. 2-4. Evolution of hop extract concentrations during thick juice storage. Initial concentrations are the 
theoretical values. Duplicate cylinders are presented by their mean values. □ 40ppm, 20°C; ▲40 ppm, 30°C; x 
C9/ 20 ppm, 25°C;  ▬ Trend line. 
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2.3.3 Effect of hop ß-acids and temperature on thick juice degradation  

Subsequently, the effect of HBA concentration and storage temperature on the 

degradation of 69°Bx thick juice was studied. Thick juice cylinders treated with HBA 

(C1/C2, C7/C8, C9) remained free of measurable thick juice degradation significantly 

longer (p = 0.02) than cylinders without HBA treatment (Fig. 2-5). At 20°C, thick juice 

degradation started after 34 (C4) and 37 (C3) days in the untreated control treatments, 

whereas degradation occurred only after 197 (C2) and 272 (C1) days in the 40 ppm HBA 

treatments (Table 2-4). The pH of the thick juice in the untreated control columns 

stabilized at pH 5.0, while the pH in the HBA-treated columns had not yet stabilized 

within 272 days as presented in Fig. 2-5. At 30°C, thick juice degradation started after 

23 days in the untreated thick juice (C5/C6), and after 61 days in thick juice initially 

containing 40 ppm HBA (Table 2-4), indicating that thick juice was significantly less 

stable when stored at 30°C than at 20°C (p = 0.04).  

In general, the amount of reducing sugars (RS) increased during thick juice 

storage, demonstrating the loss of sucrose (data not shown). However, the thick juice in 

cylinder C3 was heavily degraded in terms of pH but exhibited almost no increase in RS. 

Furthermore, neither pH nor any of the microbiological parameters measured during this 

experiment correlated with RS values.  
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Fig. 2-5. Comparison of the pH-decline in thick juice stored at various temperatures and treated with different concentrations 

of hop ß-acids, i.e.  0, 20 or 40 ppm. Duplicate cylinders are presented by their mean values. * 40 ppm, 20°C; ▲ 40 ppm, 

30°C; □ 20 ppm, 25°C; x 0 ppm 20°C ; ∆ 0 ppm, 30°C;  ▬ Trend line. 
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2.3.4 Effect of hop ß-acids on thick juice microflora 

MRS counts for lactic acid bacteria and OGYE/DWA counts for moulds were either below 

the detection limit (10 cfu/mL) or very low (< 100 cfu/mL) in all cylinders (data not 

shown). Levels of aerobic bacteria, yeasts and osmophilic bacteria were relatively low 

and varied between 103 – 104 cfu/mL. In addition, all these populations remained 

relatively stable during thick juice storage (data not shown), regardless of whether HBA 

was added or not. However, the maximum FB level was inversely related to the 

measured HBA concentration (r = -0.98). HBA treatments significantly prolonged the 

time at which the first FB (p < 0.01) were detected and the time before thick juice 

degradation was initiated (p = 0.02), as illustrated in Fig. 2-6. All FB detected were 

confirmed to be gram-positive cocci, and all micro-organisms recovered on DWA were 

yeasts. 

The FB levels in untreated thick juice peaked at 108–109 cfu/mL within 30 days of 

storage at 30°C, and then declined thereafter (Fig. 2-6). This growth peak coincided with 

a considerable pH decline. Growth of FB at 20°C was slower than that at 30°C, 

corresponding to a more moderate pH decline. In thick juice treated with 40 ppm HBA, 

FB were only detected after 139 (30°C) and 190 (20°C) days of storage, whereas the 

addition of 20 ppm HBA delayed the growth of FB in 25°C stored thick juice until day 113 

(Table 2-4 and Fig. 2-6). Moreover, significantly lower levels of FB (p < 0.01) were 

detected with increasing HBA concentrations, suggesting a potential relation between FB 

level and thick juice degradation. 

Nevertheless, as only few FB were detected in thick juice treated with 40 ppm 

HBA (Fig. 2-6) and since thick juice degradation already occurred at day 61 at 30°C 

storage temperature (Table 2-4), an additional or different reason than FB level may be 

responsible for the observed pH decline under these conditions. Since almost no 

microorganisms were detected in this treated thick juice (C7/C8), except for a stable and 

relatively small yeast population, the hypothesis that this acidification could be caused by 

a non-microbial process was tested. Therefore, 400 mL fresh thick juice was sterilized in 

duplicate by autoclaving 15 minutes at 121°C. Subsequent incubation at 30°C for 45 

days showed an identical evolution of pH as measured both in cylinder 7 and 8 (40 ppm 

hop extract, 30°C; data not shown). No bacteria were detected in this thick juice upon 

plating, suggesting a non-microbial cause of the pH decline.  
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Table 2-4. Summary of “Fastidious Bacteria” (FB) populations in relation with thick juice degradation 

Concentration Temperature Cylinder Time to FB Maximum level of FB Start  

Hop ß-acid    Detectiona  thick juice degradationb 

(ppm) (°C)   (days) (cfu/mL) (days) 

0 20 C3 28 2 x 108 (day 76) 37 

0 20 C4 23 3 x 108 (day 28) 34 

0 30 C5 13 1 x 108 (day 28) 23 

0 30 C6 13 1 x 109 (day 23) 23 

20 25 C9 113 1 x 106 (day 134) 111 

40 20 C1 190 6 x 102 (day 190) 272 

40 20 C2 204 2 x 102 (day 204) 197 

40 30 C7 198 1 x 103 (day 245) 61 

40 30 C8 139 7 x 102 (day 139) 61 
a Detection limit = 100 cfu/mL thick juice; b ’Start thick juice degradation’ is defined as the day when the pH declined more 
than 1 unit below the initial pH. 
 

 

2.3.5 Preliminary identification of the Fastidious Bacteria (FB) 

In order to obtain a first, tentative identification of the dominant culturable microflora, 18 

FB isolates from both hop treated and non-treated thick juice were subjected to sequence 

analysis of 16S rRNA genes. The 18 sequences were deposited in the 

EMBL/GenBank/DDBJ Nucleotide Sequence Database under accession numbers EF595636 

-EF595649 and EF620529–EF620532. Tentative identification by BLAST analysis (Altschul 

et al., 1997; Benson et al., 2004) with the online database revealed a relatively limited 

diversity of Gram-positive cocci with dominance of Tetragenococcus halophilus as 

presented in Table 2-5. 
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Fig. 2-6. Dynamics of pH and Fastidious Bacteria (FB) concentration during thick juice storage at different temperatures and with different concentrations of added hop β-
acids. Duplicate cylinders are presented by a representative result.▲ pH , □FB, ▬ pH Trend line. 
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Table 2-5. Preliminary identification of 18 “Fastidious Bacteria” (FB) isolates from thick juice storage 
Experiment II, based on partial 16S rRNA gene sequences after comparison to GenBank sequences by using 
BLAST  (http://www.ncbi.nlm.nih.gov) 

 
Cylinder Presumptive ID GenBank 

Accession N0 

C1 Tetragenococcus halophilus EF595636 

C1 T. halophilus EF595637 

C2 T. halophilus EF595638 

C2 T. halophilus EF595639 

C3 T. halophilus EF595640 

C3 T. halophilus EF595641 

C4 Staphylococcus sp. EF620529 

C4 T. halophilus EF595642 

C5 T. halophilus EF595643 

C5 Staphylococcus equorum EF620531 

C6 T. halophilus EF595644 

C6 T. halophilus EF595645 

C7 T. halophilus EF595646 

C7 T. halophilus EF595647 

C8 T. halophilus EF595648 

C8 T. halophilus EF595649 

C9 Aerococcus viridans EF620532 

C9 T. halophilus EF635437 

 

 

2.3.6 Sensitivity of fastidious bacteria to hop ß-acids 

In the assumption that a causal correlation exists between FB level and pH decline, i.e. 

thick juice degradation, the effect of HBA on the FB community, in particular, the 

question whether FB would be able to adapt to hop extracts upon prolonged exposure, 

are of great interest. Therefore, the minimal concentration of HBA required to inhibit the 

growth of FB present in thick juice on CAwSB plates was determined using FB populations 

from both hop-treated and untreated thick juice sampled from Experiment II. 

As presented in Table 2-6, the time for FB colony development increased with 

increasing HBA concentration up to 80 ppm. A further increase of the HBA concentration 

up to 160 ppm had no additional inhibitory effect against FB, and none of the hop extract 

concentrations tested could suppress FB colony formation longer than 10 days. 

Furthermore, at all concentrations of hop ß-acids, the same level of FB was ultimately 

recovered on CAwSB after the maximum incubation time of 18 days. Remarkably, colony 

development of FB from HBA-treated thick juice was slower than that of FB from 

untreated thick juice. 
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Table 2-6. Susceptibility of Fastidious Bacteria (FB) present in thick juice to hop-β-acids. Thick juice from two 
cylinders (C3/ 0 ppm, 20°C and C9/ 20 ppm, 25°C) was plated on CAwSB with concentrations of hop extract 
between 0 and 160 ppm. Plates were counted on incubation day 3, 4, 5, 6, 7, 10, 14 and day 18 (final FB level 
detected) 

Hop ß-acid concentration Time to FB detection a 80% of inoculum detected Final FB level detected (day 18) 

(ppm) (day) (day) (cfu/mL) 

 C3 C9 C3 C9               C3             C9 

0 3 5 5 6 4 x 105 1 x 105 

20 4 6 6 10 3 x 105 1 x 105 

40 6 10 10 14 3 x 105 1 x 105 

80 7 10 10 14 3 x 105 1 x 105 

120 7 10 10 14 3 x 105 1 x 105 

160 6 10 10 14 2 x 105 1 x 105 
a detection limit = 100 cfu/mL. 

 

2.4 Discussion 

The results in this chapter highlight the importance of the initial solids content (Brix 

index) in thick juice storage (Fig. 2-3), confirming the results of Sargent et al. (1997) 

and endorsing the industrial practice of storing at a density of about 69°Bx. The initial pH 

of the juice varied between pH 8.8 and 9.2 and showed less influence than the solids 

content, although pH 9.0 and 9.2 slightly prolonged stable storage at 69°Bx, compared 

to pH 8.8. Pollach et al. (1999) and Hein et al. (2002) showed a positive effect of hop ß-

acids for a period of 65 days of storage at 60°Bx, which is industrially irrelevant. 

Considering the different pH evolution in thick juice stored at 65°Bx and at 69°Bx (Fig. 2-

3), it is not unlikely that microflora dominating at 60°Bx and at 69°Bx could be different 

during two months storage. Therefore, our study investigated the effect of hop extract on 

thick juice with an industrially relevant solids content of 69°Bx throughout 272 days of 

storage, covering the whole period of industrial thick juice storage. Willems et al. (2003) 

suggested that preservatives based on hydrogen peroxide, thiocarbamate and 

formaldehyde are rapidly inactivated in bulk thick juice since their addition had only a 

limited effect on the stable storage life of thick juice. Formaldehyde for example, was 

completely degraded after 14 days of storage (unpublished data, Willems). In contrast, 

hop ß-acids proved quite stable in 69°Bx thick juice during the entire storage period of 

our experiments (Fig. 2-4), and they are in fact the first biocide shown to remain stable 

during long term thick juice storage.  

The addition of hop extract significantly (p < 0.02) delayed thick juice degradation 

as measured by the reduction in pH, and our results thus extend the initial observations 

of Pollach et al. (1999) and Hein et al. (2002) to thick juice at an industrially relevant 

solids content of 69°Bx. Furthermore, although hop ß-acids are generally more effective 
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in acidic foods (Larson et al., 1996), our study indicates that they can also work well in a 

slightly alkaline matrix such as thick juice.  

Our results also confirm the crucial role of temperature during thick juice storage 

(Sargent et al., 1997; Willems et al., 2003) highlighting the increased risk of degradation 

above 20°C. Storage at 20°C clearly guarantees a longer stability of the thick juice 

compared to 25°C or 30°C (p <0.05). More detailed information about the effect of the 

crucial storage parameters solids content, temperature and pH can be found in Chapter 

6.  

During storage of untreated thick juice, a clear correlation (r = 0.99) emerged 

between the drop in pH and the presence of FB. No relation was found with any other 

microbial parameter tested in our study. Generally, spoilage of sugar-rich foods is caused 

by osmophilic yeasts, particularly at an aw < 0.85 as in honey, syrups, jams, marmalades 

and dry fruits, since bacteria cannot grow at such low aw values (Grant, 2004). Some 

bacteria, including members of the genera Staphylococcus, Micrococcus, Pediococcus and 

Corynebacterium, are able to grow at aw values of 0.85 – 0.90, but these tend to be 

halophiles rather than osmophiles (Ventosa et al., 1998). The finding that in 69°Bx thick 

juice used in this study, with its aw value of 0.84 (data not shown), a specific bacterial 

flora developed during degradation was therefore unexpected. The FB in the degraded 

thick juice were gram-positive, catalase-negative cocci as detected earlier in thick juice 

(Hein et al., 2002; Willems et al., 2003). Identification of 18 FB isolates revealed a rather 

limited diversity (Table 2-5). Tetragenococcus halophilus was most frequently isolated in 

both hop-treated and non-treated thick juice, besides some Staphylococcus spp. and 

Aerococcus viridans. T. halophilus has been isolated primarily from salted food products 

such as fermented mustard (Chen et al., 2006), shoyu mash (Hanagata et al., 2003) and 

salted anchovies (Villar et al., 1985), but also once from thick juice, together with 

Staphylococcus spp. and Aerococcus viridans (Willems et al., 2003). Since T. halophilus 

is a homofermentative lactic acid bacterium, the pH decline during thick juice 

degradation may be explained by the production of lactic acid. It is not surprising 

however, that T. halophilus could not be detected on MRS plates, since it is known that 

for enumeration of T. halophilus on MRS, the pH should be adjusted to pH = 7.0 and 4-

6% NaCl should be added (Holzapfel et al., 2006). Moreover, a longer incubation period 

than the standard three days is required. 

Yeasts were also consistently present in the thick juice, but their concentration 

remained constant in all cylinders at 103 - 104 cfu/mL throughout thick juice storage and 

degradation. Yeasts can thus be excluded as the cause of thick juice degradation, at least 

in all experiments described in this chapter.  

The addition of hop extract to thick juice delayed both juice degradation (pH fall) 

and the development of FB. To our knowledge, nothing is known about the resistance of 
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T. halophilus to hop constituents. The phylogenetically related genus Pediococcus, from 

which T. halophilus was separated to form a new genus (Collins et al., 1990) contains 

seven species and only one is known to be resistant to hop acids (Fernandez and 

Simpson, 1993). However, this resistance is not a species-specific property, but rather a 

property found in individual strains in different species (Behr et al., 2006). The observed 

delay increased with increasing hop concentration and decreasing storage temperature. 

However, the link between the development of FB and the degradation of thick juice was 

not perfect. For example, thick juice treated with 40 ppm hop extract (C1 and C7, Fig. 2-

6) decreased slowly in pH before any FB were detected. Since autoclaved thick juice, in 

which no viable bacteria could be detected, showed a similar evolution in pH as the 40 

ppm hop-protected thick juice, the hypothesis is formulated that this slow decline of pH 

is caused by a non-microbiological process. The nature of this process is not yet clear, 

but it is known, for example, that in extremely alkaline environments, sucrose is 

transformed into lactic acid by a purely chemical reaction (Manley-Harris et al., 1980). 

Therefore, this slow decrease in pH might be inherent to the conditions prevailing within 

the thick juice during storage. On the other hand, cylinder C9 (20ppm, 25°C) contained 

105- 106 cfu/mL FB, but pH declined only slightly (data not shown). Since the microflora 

in the different cylinders was not identified in detail, it cannot be excluded that the FB in 

the hop treated cylinder C9 could be different from those in the non-treated thick juice. 

However, a more plausible explanation is that acidification was less pronounced in 

cylinder C9 because the maximal level of FB reached in this cylinder was still 100 to 1000 

times less than that in the untreated thick juice (C3 and C6) (Table 2-4). Taken together, 

these results show that hop ß-acids can be used to suppress thick juice degradation 

under conditions similar to industrial storage. Moreover, as ß-acids are not active against 

yeasts and moulds (Pollach et al., 1999), these results strongly implicate the FB as the 

cause of degradation. This is the first report that clearly relates thick juice degradation 

with a specific microbial population.  

The susceptibility of the FB flora, mainly represented by T. halophilus, to hop β-

acids was further determined. Up to 160 ppm of β-acids, the FB were not inactivated, but 

their colony formation on CAwSB was delayed. Remarkably, samples of FB from column 

C9 (25°C, 20ppm hop extract) showed slower colony development on the hop-containing 

CAwSB plates than those taken from column C3 (30°C, untreated control). This indicates 

that extended exposure to hop components in thick juice did not lead to adaptive 

tolerance in the FB, but rather to the opposite, i.e. increased sensitivity. The FB 

community in thick juice did not change upon the addition of hop components, as was 

confirmed by the preliminary identification of 18 isolates, but may have become stressed 

by exposure to the hop extract which may explain the delayed colony formation upon 

plating (Lambert and van der Ouderaa, 1999). Although selection for resistance to hop 
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components has been reported (Haas and Barsoumian, 1994; Larson et al., 1996), it 

apparently did not occur in our experiments. 

Notably, non-treated thick juice showed a more pronounced decline of pH than in 

previous thick juice storage experiments published by Sargent et al. (1997) or Willems et 

al. (2003), where typical end points between pH = 7.5 and 6.0 were recorded, compared 

to pH = 5.0 in our experiment. This seemingly inexplicable variation may be related to a 

difference in the causal microflora since the thick juices have been obtained from 

different locations and different harvest years and no information is available about the 

initial Brix. On the other hand, this low pH may explain why the FB in our experiments 

declined or even disappeared after they reached their peak density. Still, another 

possibility is that a metabolite produced by other organisms inhibits these FB. 

Although most of the thick juice cylinders showed a considerable rise of reducing 

sugars during storage, no clear relation could be found with the drop in pH in our 

experiment since at least one cylinder showed a steep pH decrease without liberating 

reducing sugars. Perhaps this discrepancy may be due to different metabolic capacities of 

the FB selected in the columns. A full and detailed characterisation of the group of 

‘fastidious bacteria’ might resolve these remaining questions. Identification and 

characterization of the fastidious bacteria and/or (other) causal flora are addressed in 

respectively Chapter 3 and 4. 
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Chapter3 
 
 

3. Dominance of Tetragenococcus halophilus during thick 

juice degradation* 
 
 

3.1 Introduction 

As already extensively described (Chapter 1 and 2), sugar thick juice degradation as a 

result of microbial activity occasionally occurs, resulting in considerable economic loss for 

the sugar industry. However, studies of the causes of thick juice degradation have 

yielded conflicting results. Sargent et al. (1997) and Hein et al. (2002) suggested that 

the pH drop during thick juice degradation is caused by an increase in lactic acid. In 

contrast, results from Willems et al. (2003) showed no correlation between thick juice 

degradation and any acid monitored during storage, including lactic, acetic, propionic, 

butyric, valeric, iso-valeric, hexanoic and formic acid. 

The causal microflora held responsible for thick juice degradation also differed in 

previous reports as mentioned in Chapter 1 and 2. Sargent et al. (1997) proposed that 

mesophilic flora detected on plate count agar (PCA) caused the pH drop, while Willems et 

al. (2003) suggested a correlation of thick juice degradation with previously undetected 

‘fastidious bacteria’ (FB). The hypothesis was formulated that thick juice degradation 

involves a microbial succession, driven by a progressive change of environmental 

conditions brought about by the bacteria themselves. The ratio of fastidious and 

mesophilic flora (on PCA) was proposed as the perfect monitoring tool, since both 

bacterial populations were reported to co-evolve during storage with a characteristic shift 

to dominance of the fastidious bacteria at degradation. In Chapter 2 however, we were 

able to show a strong correlation (r = 0.99) between the FB counts as such and the start 

of degradation in thick juice not containing any biocides. Treatment with a commercially 

available formulation of hop ß-acids significantly delayed both juice degradation (pH fall) 

*Part of the results described in this chapter have been published in “Predominance of Tetragenococcus halophilus as the 
cause for sugar thick juice degradation”; Justé, A., Lievens, B., Klingeberg, M., Michiels C.W., Marsh T.L. and Willems, 
K.A., 2008b. Food Microbiol. 25, 413-421. Another part will be published in “Present knowledge of the bacterial 
microflora in the extreme environment of sugar thick juice”; Justé, A., Lievens, B., Frans, I., Klingeberg, M., Michiels 
C.W. and Willems, K.A., 2008d. Food Microbiol. doi:10.1016/j.fm.2008.04.010. 
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and the development of FB, implicating the FB as the cause of degradation (Chapter 2). 

The fastidious bacteria were characterized as catalase-negative, Gram-positive cocci by 

Hein et al. (2002) and Willems et al. (2003). In the previous chapter, we tentatively 

identified these bacteria as Tetragenococcus halophilus based on 16S rDNA sequencing. 

In this chapter, the predominance of T. halophilus during thick juice storage and 

degradation is confirmed using Terminal Restriction Fragment Length Polymorphism (T-

RFLP) analysis and rDNA clone libraries. These methods are culture independent and 

therefore provide a more comprehensive representation of the thick juice microflora than 

previous studies (Hugenholtz et al., 1999). In addition, an up to date overview of all 

bacteria isolated from sugar thick juice is presented, enlarging the knowledge of 

osmophilic thick juice microflora and revealing the unexpected osmotolerant character of 

some well-known bacteria. Furthermore, we clarify the origin of the observed pH drop 

that is characteristic for thick juice degradation. Finally, a species-specific PCR was 

developed for the dominant and causal flora of T. halophilus which was used to screen 

industrial thick juice samples from different countries for the presence of this bacterium. 

 

3.2 Materials and methods 

3.2.1 Thick juice storage experiment and sampling 

Long-term thick juice storage experiments were conducted to monitor degradation and 

microbial dynamics in pilot-scale storage tanks as described in Chapter 2 (Experiment I, 

Fig. 2-2). Each of these tanks consisted of an upright closed cylinder (dimensions: Øi: 20 

cm, Hi: 200 cm, Vi: 62.8 L) surrounded by a temperature-controlled water jacket of 27.7 

L. Thick juice with 69°Bx was collected in sterile 25 L polyethylene buckets after the 

evaporation and cooling stage in an industrial sugar refinery (Belgium, Factory 1). The 

effect of solids content and pH on thick juice stability was analysed at 25°C, a 

challenging but industrially relevant temperature, using a factorial design for 13 cylinders 

(Systat software, Inc., San Jose, CA, USA) (Table 2-3). Before each experiment, 

cylinders were cleaned with a 1.0 % Hortidesin solution. All thick juice cylinders were 

stored for 168 days. Weekly, 20 mL thick juice samples were aseptically obtained from 

each cylinder and analysed for pH, volatile acids, lactic acid, microflora and reducing 

sugars. 

A variety of other thick juice samples were collected during the sugar campaigns 

from 2004 to 2007. During these four years, representative thick juice samples from 

both industrial and laboratory storage tanks (Chapter 2; this chapter) were analysed, 

including as well freshly produced thick juice and long term stored thick juice, either non-
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degraded or degraded. Industrial samples originated from 12 different factories located in 

three different European countries, i.e. Belgium, France and Germany. 

 

3.2.2 Viable counts 

The microbiological parameters analysed during thick juice storage are identical as in 

Chapter 2 (Table 2-3), as well as the incubation conditions used, except for the 

expensive CAwSB medium which was replaced by TSA medium because of identical 

counts and similar identifications (Justé et al., unpublished).  

In addition, 13 samples of both degraded and non-degraded thick juice were 

plated on CAwSB plates and incubated under aerobic, micro-aerophilic and anaerobic 

circumstances at 30°C. Colonies that appeared phenotypically different from others were 

purified by streak plating on Tryptone Soy agar (TSA). 

 

3.2.3 Acid analysis  

Volatile fatty acids and lactic acid were determined on a Varian 3800 gas chromatograph 

equipped with a stand alone 8200 auto-sampler and a Genesis headspace sampler for the 

volatile acids and lactic acid respectively; a 1079 Varian injector and a standard Varian 

flame ionization detector. Analyses of volatile acids included acetic, propionic, butyric, 

isobutyric, valeric, isovaleric and hexanoic acid. Sample treatment and analyses settings 

were as described in Willems et al. (2003). Briefly, thick juice samples were first diluted 

(1/50) in GC grade water for analysis of the volatile acids. Subsequently, 3.5 g of sucrose 

and 2.31 g of an internal standard were dissolved in 10 g of the diluted sample and water 

was added until a final weight of 50 g. 6.5 mL of the prepared sample was acidified by 

adding 0.5 mL of 1:2 diluted sulphuric acid and eventually extracted with diethyl ether. 

The ether extracts were separated from the water phase and injected for gas 

chromatographic analysis using a capillary column (DB FFAP 30 m, Ø 0.32 mm, df 0.25 

µm). Operational conditions of the gas chromatograph were as follows: splitless injection 

mode, injector pressure at 10 psi, injection volume of 1 µl, injector and detector 

temperature at 240°C; temperature program from 45°C (1 min) to 200°C (3.5 min) 

ramping up at 10°C per minute (total run: 20 min). 

For analysis of lactic acid, samples were processed by thoroughly mixing 2 mL of 

thick juice with 5 mL of a Cerium sulphate solution (12 g per 100 mL 1NH2SO4) in a 

headspace vial. Lactic acid was detected by using a capillary column (DB1 30 m, Ø 0.32 

mm, df 1µm). The following gas chromatographic conditions were used: injector: split 

injection mode (split ratio: 30), injector pressure at 12.5 psi, injection volume of 1 µL, 

injector temperature at 145°C; detector: temperature at 155°C; oven: temperature 



Chapter 3 

 

 54 

program constantly at 35°C (total run: 5 min); headspace: sample incubation 10 min at 

60°C, sample loop at 200°C and transfer line at 160°C. 

 

3.2.4 DNA extraction  

Genomic DNA was extracted from 20 mL thick juice samples using the phenol-chloroform 

extraction protocol described by Lievens et al. (2003). In case of DNA extraction from 

colonies, only those colonies that appeared macro-morphologically different from others 

were selected. Thick juice samples were collected from both freshly produced thick juice, 

having low classical plate counts, and from long stored thick juice with high plate counts. 

DNA yield and purity was determined spectrophotometrically. 

 

3.2.5 Analysis of 16S rDNA T-RFLP 

Both a degraded (C9) and a non-degraded (C3) thick juice sample were analysed with T-

RFLP in order to determine the diversity of the bacterial community. T-RFLP analysis 

targeting 16S rDNA was performed using the universal bacterial primers 27f (5’–AGAGTT 

TGATCCTGGCTCAG–3’) (5’FAM-labeled) (Liu et al., 1997) and 1387r (5’–GGGCGGWGTGT 

ACAAGGC–3’) (unlabeled) (Marchesi et al., 1998). Amplification reactions were done by 

PCR in a 20 µL reaction volume, containing 1 µL template DNA and using 0.15 mM dNTP 

(Invitrogen, Merelbeke, Belgium), 0.5 µM of each primer, and 1 unit Titanium Taq DNA 

polymerase (Clontech Laboratories, Inc., Palo Alto, CA, USA). Samples were denatured at 

94°C for 2 min and then subjected to 30 cycles of 45 s at 94°C, 45 s at 59°C, and 45 s at 

72°C, with a final extension at 72°C for 10 min. Amplicons from 4 replicate PCR reactions 

were pooled for each sample and purified with a Qiaquick® kit (Qiagen Inc.) according to 

the manufacturer’s protocol. About 200 ng of PCR product were digested for 4 hours at 

37°C in a total volume of 20 µL with either HhaI, MspI or RsaI (New England Biolabs, 

Frankfurt am Main, Germany). Restriction fragment analyses were conducted on an 

Applied Biosystems 373A Automated Sequencer. The similarity of communities could be 

estimated by visual comparison of the electropherograms, and by identification with T-

RFLP Analysis Program (TAP) (Marsh et al., 2000). 

 

3.2.6 Application of clone libraries 

Bacterial clone libraries were created from the degraded and non-degraded thick juice 

samples analysed with T-RFLP, using the same PCR protocol except that non-labelled 

primers 63f (CAGGCCTAAYACATGCAAGTC) and 1387r were used. The PCR product was 

ligated into vector pCR2.1-TOPO with the TOPO T-A cloning kit (Invitrogen, Merelbeke, 
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Belgium) following the manufacturer’s protocol. Ninety-five white colonies were randomly 

picked from the two libraries and sequenced using the M13 primer. 

Other clone libraries were only created from those samples where no dominant 

culturable flora was detected. Consequently, clone libraries were mainly created from 

freshly produced thick juice. At least 10 transformed colonies were randomly selected 

from each library.  

Multiple sequence alignment was performed using CLUSTAL X. Phylogenetic 

analyses were performed using the neighbour-joining algorithm of the CLUSTAL X 

software package. Phylogenetic trees were constructed using CLUSTAL X and visualized 

using Treeview. 

 

3.2.7 Sequencing of bacterial 16S rRNA gene fragments 

Sequencing was based on sequences of about 500 or 700 bp for respectively bacterial 

isolates and clones and was performed as described in Chapter 2. For yeasts, target ITS 

regions between the small and the large subunit of the rRNA gene were amplified using 

the primers ITS1-F and ITS4 (Gardes and Bruns, 1993). Sequencing was done on 

purified PCR products using the reverse primers ITS4. The presumptive identity was 

determined as the most homologous sequences obtained (>97% homology; Drancourt et 

al., 2000) after comparison to the GenBank database as mentioned in Chapter 2. Multiple 

sequence alignments were performed using CLUSTAL X. Phylogenetic analyses were 

performed using the neighbour-joining algorithm of the CLUSTAL X software package and 

visualized using Treeview. 

 

3.2.8 Specific PCR assay development and verification  

In order to design species-specific primers that target the 16S rDNA sequence of T. 

halophilus, we used the ARB program and database (ARB Project, Technische Universität 

München, http://www.arb-home.de/) (Ludwig et al., 2004) in combination with our own 

16S rRNA gene sequences obtained from thick juice tetragenococci (Chapter 2; this 

chapter). Several PCR primers were designed, but only one set of primers was selected 

based on its specificity and sensitivity. The selected primers 193f (5’–

AGCTCAAAGGCGCTTTAC–3’) and 480r (5’–TTC TGGTCAGCTACCGTC–3’) were tested for 

their specificity with phylogenetically related species and well-known thick juice 

contaminants (Table 3-1). PCR amplification was performed in 20 µL, containing 5 ng 

genomic DNA from a pure microbial culture or environmental sample. 0.15 mM dNTP 

(Invitrogen, Merelbeke, Belgium), 0.5 µM of each primer, and 1 unit Titanium Taq DNA 

polymerase (Clontech Laboratories, Inc., Palo Alto, CA, USA). The optimized PCR 
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temperature profile consisted of a preliminary denaturation of 2 min. at 94°C, followed 

by 30 cycles of 45s denaturation at 94°C, 45s annealing at 62°C and 45s elongation at 

72°C, with a final extension at 72°C for 10 min. Finally, the species-specific PCR protocol 

was tested for its ability to detect target species in degraded and non-degraded thick 

juice samples obtained from 12 industrial refinery plants in Belgium, France and 

Germany. 

 

Table 3-1. Bacterial strains used to check the specificity of the species specific PCR targetting Tetragenococcus 

halophilus 

Strain Sourcea 

Aerococcus viridans LMG 17931 

Bacillus cereus LMG 2098 

Kocuria rhizophila LMG 8816 

Lactobacillus plantarum LMG 9205 

Leuconostoc mesenteroides (subsp. dextranicum) LMG 6908 

Staphylococcus equorum LMG 19116 

Tetragenococcus muriaticus LMG 18498 

T. solitarius LMG 12890 

T. halophilus LMG 11490 

T. halophilus Thick juice 
aLMG; BCCM/LMG Belgian Co-ordinated Collection of Microorganisms,  
Laboratory of Microbiology, University of Ghent, Belgium. 

 

 

3.3 Results and discussion 

3.3.1 Culturable microflora: viable counts and identification 

Lactic acid bacteria, aerobic colony counts, yeasts and moulds were either below the 

detection limit or present in low numbers (< 103 cfu/mL) in all cylinders (data not 

shown), regardless of whether thick juice was degraded or not. As in Experiment II 

(Chapter 2), the fastidious bacteria became dominant in all cylinders, reaching 

concentrations of up to 106 - 107 cfu/mL (Fig. 3-1). The dominance of these FB (> 106 

cfu/mL), tentatively identified as T. halophilus (Chapter 2), was strongly correlated (r = 

0.96) with the start of degradation, defined as the day at which the pH drops more than 

one unit below the initial value. All cylinders showed the dominance of these 

phenotypically identical FB although the thick juice in C1 (69° Brix and pH = 8.8) 

degraded only after 112 days of storage, long after the FB became dominant, as shown 

in Fig. 3-1. This discrepancy between the dominance of the FB and the decrease in pH 

was not observed in Experiment II (Chapter 2). No other culturable flora could 

consistently be detected and therefore be linked to degradation. 
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Fig. 3-1. Representative dynamics of pH (■), Fastidious Bacteria (bars) and Lactic acid (▲) concentration 
during thick juice storage Experiment I at different solids contents (°Bx). The arrow indicates the day that the pH 
dropped more than one unit below the initial value, which is defined as thick juice degradation. 

 

 

Ten FB isolates from both degraded (D1-D5) and non-degraded thick juice (ND1-

ND5) from this Experiment I were sequenced on their 16S rRNA genes in order to 

achieve a first, rapid identification of the dominant culturable microflora. The 10 

sequences thus obtained, were deposited in the EMBL/GenBank/DDBJ Nucleotide 

Sequence Database under Accession N° EU054441-EU054450. Comparison to this online 

database by using the BLAST program revealed the same presumptive identity for all 10 
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isolates, more specifically, 99% homology with the 16S rRNA gene of T. halophilus. 

These results suggest the same dominant culturable microflora as in the thick juice 

storage Experiment II (Chapter 2). As a consequence, thick juices originating from 

different thick juice campaigns show comparable dominant culturable microflora after 

pilot scale storage. 

Beside the dominant culturable flora of T. halophilus, macro-morphologically 

different isolates occasionally appeared on TSA, PCA or MRS. Those isolates were purified 

and collected over four years research from both freshly produced, and long term stored, 

degraded as well as non-degraded, and from both industrial and laboratory storage 

tanks. All bacterial species detected are presented in Table 3-2. In total, 39 different 

species could be recovered among the colonies picked from the TSA and CAwSB (Chapter 

2) plates. Only 10 species were previously detected in thick juice. The other 29 species 

are being linked for the first time with this sugar rich medium. These data will be 

discussed in more detail with the results of the non-culture based approaches in 

paragraph 3.3.3. 

Anaerobic counts on CAwSB were very low (< 20 cfu/mL), while the micro-

aerophilic and aerobic counts were almost identical at 105 cfu/mL (data not shown) and 

revealed similar identifications. As a consequence, almost no flora was overlooked by 

incubating solely under aerobic circumstances. 
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Table 3-2. Overview of all thick juice bacteria detected with culture based techniques in this study 

Class/Family Presumptive ID
 c 

Thick juice storage Day of storage Similarity (%)
 c 

Lenght (bp)
 d 

GenBank 

Accession N
o 

Bacteria            

Actinobacteria       

Corynebacteriaceae Corynebacterium xerosus Pilot scale 0 100 618 EU637608 

       

Dermacoccaceae Dermacoccus sp. Pilot scale 168 99 762 EU637609 

       

Dietziaceae Dietzia sp. Pilot scale 168 99 607 EU637610 

       

Gordoniaceae Gordonia sp. Pilot scale 168 98 868 EU637611 

 G. polyisoprenivorans Pilot scale 168 99 798 EU637612 

       

Microbacteriaceae Microbacterium sp. Pilot scale 168 100 800 EU637613 

 M. arborescens Pilot scale 119 99 792 EU637614 

 Curtobacterium sp. / C. flaccumfaciens Pilot scale 0 99 710 EU637615 

       

Micrococacceae Arthrobacter sp. / A. bergeri Pilot scale 0 100 783 EU637616 

 Kocuria sp. Pilot scale 0 99 776 EU637617 

 Micrococcus luteus Pilot scale and industry All 99 698 EU637618 

       

Streptomycetaceae Streptomyces sp. Pilot scale 0 99 788 EU637619 

       

Bacilli       

Aerococcaceae Aerococcus sp. / A. viridans 
a  Pilot scale and industry All 99 850 EU637620 

       

Bacilliaceae Bacillus sp. Pilot scale and industry All 99 761 EU637621 

 B. cereus 
a
 Pilot scale  100 840 EU637622 

 B. circulans Pilot scale 14 99 833 EU637623 

 B. clausii Industry 152 99 737 EU637624 

 Bacillus sp. /cryopeg / globisporus Industry 152 99 850 EU637625 

 B. flexus Pilot scale All 99 811 EU637626 

 B. halodurans Pilot scale 0 100 724 EU637627 
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Table 3-2 (continued).
 

Class/Family Presumptive ID 
c 

Thick jucie storage Day of storage Similarity (%) 
c 

Lenght (bp) 
d 

GenBank 

Accession N
o 

Bacteria            

Bacilli       

Bacilliaceae B. licheniformis Pilot scale and industry All 99 738 EU637628 

 B. pumilus 
a
 Pilot scale  99 806 EU637629 

 B. silvestris Pilot scale  100 808 EU637630 

 B. subtilis 
a
 Pilot scale 152 98 799 EU637631 

       

Enterococcaceae Enterococcus sp. Pilot scale 73 100 803 EU637632 

 Tetragenococcus halophilus 
a
 Pilot scale and industry All 99 613 EU637633 

 T. muriaticus 
b Pilot scale and industry All 97 615 EU637634 

       

Paenibacillaceae Paenibacillus polymyxa Pilot scale 43 98 898 EU637635 

 Aneurinibacillus migulans Pilot scale  99 838 EU637636 

       

Staphylococcaceae Staphylococcus sp.a Pilot scale and industry All 98 999 EU637637 

 S. equorum 
a
 Pilot scale All 99 837 EU637638 

 S. haemolyticus Pilot scale All 99 667 EU637639 

 S. pasteuri / Staphylococcus sp. Pilot scale All 98 965 EU637640 

 S. saprophyticus 
a
 Pilot scale 168 99 1505 EU637641 

 S. xylosus Pilot scale  99 835 EU637642 

       

 Uncultured Staphylococcus / S. epidermis Pilot scale  99 703 EU637643 

 Uncultured Staphylococcus / S. lugdunensis Pilot scale  99 786 EU637644 
       

Proteobacteria       

Leuconostocaceae Leuconostoc mesenteroides Pilot scale 0 99 719 EU637645 
       

Pseudomonadaceae Pseudomonas sp. a  Pilot scale and industry 168 99 776 EU637646 
a These bacteria were previously y isolated from thick juice by Willems et al., 2003. b Isolated from thick juice in Chapter 2.  c Presumptive identity was determined as the most homologous 
sequences obtained (>97% similarity; Drancourt et al., 2000) by comparison to the GenBank database by using the BLAST program located at the National Center for Biotechnology Information 
website (http://www.ncbi.nlm.nih.gov). d The length of the sequence fragment used to determine the ID. 
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3.3.2 Acids Analysis 

Volatile acids and lactic acid (LA) were monitored during the entire storage period in 

order to explain the observed drop in pH during thick juice storage (Sargent et al., 1997; 

Hein et al., 2002; Willems et al., 2003). All volatile acids in the bulk remained relatively 

stable during thick juice storage regardless of whether thick juice was degraded or not 

(data not shown), confirming earlier results of Willems et al. (2003). The concentration of 

LA however, was clearly correlated with the pH drop (r = 0.87). All degraded thick juices 

contained increased levels of LA as presented in Table 3-3A. Thick juice cylinders without 

degradation or drop in pH, revealed a constant or only slightly increased concentration of 

LA. An analysis of the frozen thick juice samples of Experiment II (Chapter 2) confirmed 

the positive correlation between the increase in LA and the drop in pH (r = 0.94) (Table 

3-3B). These data fit with the observations of Sargent et al. (1997) and Hein et al. 

(2002). 

The hypothesis that the increased concentration of LA caused the drop in pH was 

further tested by adding L-LA to fresh thick juice. Fig. 3-2 shows that addition of L-LA 

produces a similar pH reduction as the concentrations of LA found in the thick juice 

cylinders in the storage Experiment I. Since T. halophilus is a homo-fermentative lactic 

acid bacterium (Uchida, 1982), we propose that the LA produced by this organism causes 

the observed thick juice degradation. 

Notably, and in contrast to all other volatile acids, the concentration of acetic acid 

occasionally increased slightly at the top of the thick juice cylinders (data not shown). 

The different behaviour of thick juice at the surface has been reported several times 

(Pollach et al., 1999; Hein et al., 2002) and may be explained by the different conditions 

at the surface including the availability of oxygen and the presence of condensed water 

on the tank walls that can dilute the upper layer, creating favourable conditions for 

certain microorganisms. Nevertheless, the local degradation of the surface contamination 

was confirmed to be unrelated to the phenomenon of bulk degradation (data not shown) 

as described by Willems et al. (2003). Interestingly, Gürtler et al. (1998) demonstrated 

that T. halophilus grown under aerobic conditions produced mainly acetate, in contrast to 

the dominant production of lactic acid in anaerobically grown cultures. 
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Table 3-3. Overview of the concentration of lactic acid (LA) and pH after 49 days and at the end of thick juice 
storage (168 days) 
 

A. Thirteen thick juice cylinders incubated at 25°C in Experiment I (Chapter 2). Thick juice that already 
degraded after 49 days of storage was not sampled for the entire storage period of 168 days 

      After 49 days of storage After 168 days of storage 

Cylinder Brix (°) pH initial ∆ LA ∆ pH ∆ LA ∆ pH 

      (ppm)  (ppm)  

C1 69 8.68 1313 0.18 3239 1.90 

C2 69 8.66 0 0.15 2275 1.95 

C3 69 9.80 929 0.00 3710 1.51 

C4 69 9.04 1084 0.19 3179 1.97 

C5 65 8.85 1517 2.64   

C6 65 8.67 1498 2.39 3388 3.21 

C7 65 9.10 4434 3.91   

C8 65 9.13 3170 2.99 4472 3.73 

C9 65 8.84 3609 3.13 4572 3.56 

C10 67 9.07 2136 2.38   

C11 69 8.83 0 0.00 3304 2.10 

C12 67 8.72 1202 1.63   

C13 67 8.76 1914 1.64   

 
 

 
B. Nine thick juice cylinders from Experiment II during which thick juice was stored for 272 days (Chapter 2). 
Samples were stored at -20°C before analysis 

           After 49 days of storage   After 272 days of storage 

Cylinder Hop T pH initial ∆ LA ∆ pH ∆ LA ∆ pH 

 (ppm) (°C)  (ppm)  (ppm)  

C1 40 20 8.74 < 0 0.09 330 1.22 

C2 40 20 8.70 < 0 0.10 133 1.48 

C3 0 20 8.77 < 0 0.71 2217 3.38 

C4 0 20 8.64 1193 3.13 1932 3.54 

C5 0 30 8.66 2663 3.63 3253 3.60 

C6 0 30 8.65 1660 3.33 3054 3.34 

C7 40 30 8.66 < 0 0.40 989 2.07 

C8 40 30 8.69 < 0 0.39 306 2.02 

C9 20 25 8.67 < 0 0.59 823 1.93 
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Fig. 3-2. Comparison of the pH decrease in thick juice observed in artificially acidified thick juice and in the 
experimental pilot scale storage Experiment II (C5 and C6, Chapter 2). (▲) Fresh thick juice gradually acidified 

with L-lactic acid. (□ and x) Experimental drop in pH during 272 days of thick juice storage in Experiment II. 
 

 

3.3.3 T-RFLP analyses and application of clone libraries 

Both a degraded and a non-degraded thick juice sample were analyzed with T-RFLP in 

order to assess the complexity of the bacterial community and to identify the causative 

agent. Only one restriction fragment was detected for all three enzymes for both 

degraded and non-degraded thick juice samples. The obtained terminal restriction 

fragments (T-RF) for HhaI, MspI and RsaI were respectively 212 (± 1), 561 (± 1) and 

901 (± 1) bp long. The observed T-RF matched perfectly with the presence of T. 

halophilus as the dominant species (>99%) (Table 3-4). With the current sequences 

available, no other single representative could be found matching all three restriction 

digests. It should be reminded that accurate identification becomes more difficult as the 

fragments become longer (Marsh, 2005). 

 

Table 3-4. Predicted and observed lengths of Terminal Restriction Fragments (TRF) 

Restriction enzyme Bacteria Expected TRF (bp) Observed TRF (bp) 

HhaI T. halophilus 
a
 212-213   

 Thick juice sequences 
b 

211-212 211-212 

MspI T. halophilus 
a
 560-562  

 Thick juice sequences 
b 

560-561 560-561 

RsaI T. halophilus 
a
 897-899  

  Thick juice sequences 
b 

896-897 901-902 
a Based on all sequences available in GenBank; b Based on the sequences obtained from the culturable dominant 
microflora described in Chapter 2 and 3.3.1, this restriction site is not available. Therefore, these expected TRFs 
are based on the sequences described in Chapter 4 (T2-T10). 
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The absence of other detectable fragments with this “universal” primer set 

suggests that if other populations were present they were at levels < 1% of the 

community (Forney et al., 2004). The conclusion is that no unculturable microflora could 

be detected and thus linked to thick juice degradation. 

In parallel, bacterial rDNA clone libraries from the same thick juice samples were 

characterized by 16S rDNA sequencing and compared to sequences available in GenBank. 

As observed in the T-RFLP analyses, T. halophilus appeared to be the dominant 

bacterium, representing all 95 clones for both degraded and non-degraded thick juice. 

Phylogenetic analyses showed a mixed cluster for the 190 T. halophilus 16S rRNA gene 

sequences from both degraded (C9) and non-degraded (C3) thick juice (Data not 

shown). The phylogram in Fig. 3-3 demonstrates this mixed clustering for 10 randomly 

chosen clone sequences (GenBank Accession N° EU054431-EU054440). The sequences 

from the 10 isolated colonies in 3.3.1 were as well included in the phylogenetic tree.  

Clone libraries were also created from strategic degraded and non-degraded 

samples over a four year period. The corresponding presumptive identities from the 

obtained sequences are listed in Table 3-5. Clear differences were shown between the 

microflora of freshly produced and long term stored thick juice. The bacterial microflora 

in freshly produced thick juice is generally present at low densities, varying from 1 to 103 

cfu/mL (Chapter 2). In addition, this bacterial community is relatively diverse. However, 

during storage, this relatively heterogeneous flora evolves to dominance of 

Tetragenococcus species, typically reaching concentrations of up to 107 cfu/mL. 

Nevertheless, Bacillus and Staphylococcus species were present during storage as well 

(Table 3-5), though in lower densities never exceeding 103 cfu/mL (Chapter 2).  

In total, 53 different species were identified in this study, of which 39 were 

isolated using plating and 21 were detected straight from thick juice samples. Seven 

species were detected with both approaches, including T. halophilus, T. muriaticus, A. 

viridans, S. equorum, S. haemolyticus, Bacillus spp. and B. licheniformis. Not 

surprisingly, these bacteria represent the most abundant fraction of the thick juice 

microflora.  
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Fig. 3-3. Phylogenetic tree of 10 fastidious bacteria (D1-10 and ND1-10) and 10 randomly chosen clones (CLD1-10 and CLND1-10) from both degraded (D) and non-
degraded (ND) thick juice based on 16S rDNA sequence analysis. All isolates and clones had a 99% sequence similarity and clustered with Tetragenococcus halophilus. 

Pseudomonas stutzeri is used as out group. GenBank/EMBL/DDBJ Accession N° for all 16S rDNA sequences are given. Bar: 10 % sequence divergence. 
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Table 3-5. Overview of the thick juice bacteria detected with non-culture based techniques 

Class/Family Presumptive ID Code Day of storage Similarity (%) Lenght (bp) GenBank 

Accession N
o 

Bacteria             

Bacilli       

Aerococcaceae Aerococcus sp. / A. viridans
 a, c

 C-TJ13 All 99 850 EU637620 

       

Bacilliaceae Anoxybacillus flavithermus NC-TJ14  99 412 EU637607 

 Bacillus sp.c C-TJ14 All 99 761 EU637621 

 B. coagulans NC-TJ1 270 98 771 EU637594 

 B. licheniformis
 c C-TJ21 All 99 738 EU637628 

 Geobacillus sp. NC-TJ2 0 99 779 EU637595 

Enterococcaceae Tetragenococcus halophilus 
a, b, c

 C-TJ26 All 99 613 EU637633 

 T. muriaticus 
b, c C-TJ27 All 97 615 EU637634 

Paenibacillaceae Paenibacillus sp. NC-TJ4 0 99 758 EU637597 

Staphylococcaceae S. equorum
 a, c

 C-TJ31 All 99 837 EU637638 

 S. haemolyticus
 c C-TJ32 All 99 667 EU637639 

Sporolactobacillaceae Sporolactobacillus inulinus NC-TJ5 0 98 760 EU637598 

       

Clostridia       

Syntrophomonadaceae Caldicellulosiruptor acetigenus / C. lactoaceticus NC-TJ6 0 98 474 EU637599 

 Caldicellulosiruptor kristjansonii NC-TJ7 0 99 621 EU637600 

       

Proteobacteria       

Leuconostocaceae Leuconostoc mesenteroides
 c C-TJ38 0 99 719 EU637645 

Moraxellaceae (uncultered) Acinetobacter / bacterium clone NC-TJ8 0 99 774 EU637601 

 Acinetobacter sp. NC-TJ9 0 99 623 EU637602 

Archea       

Thermococci       

Thermococcaceae Thermus sp. NC-TJ10 0 99 732 EU637603 

 T. scotoductus NC-TJ11 0 99 406 EU637604 

 T. thermophilus / sp. NC-TJ12 0 98 674 EU637605 

  Thermus sp. / T. fiji / uncultured bacterium NC-TJ13 0 99 733 EU637606 
a These bacteria were already isolated from thick juice by Willems et al., 2003; b Isolated from thick juice in Chapter 2; c Identification was confirmed with classical plating. 
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In comparison with previous work (Chapter 1, Table 1-1 and Chapter 2), 81% of 

the species were never detected before in thick juice. On the other hand, five taxa that 

had been identified in the past (Willems et al., 2003) could not be detected in this study, 

including strains of Desemzia, Enterobacter, Lactococcus raffinolactis, Stenotrophomonas 

maltophila and Streptococcus macedonicus. As a result, taking all studies together, 72 

different species have been reported in sugar thick juice so far, including 18 species that 

could have not been cultured with the plating methods used (Table 3-6). 

 
Table 3-6. Summarizing data about thick juice bacteria 

Bacterial species detected in sugar thick juice Detection technique 

  Non-culture based Culture based 

Reported in literature   

29          0 29 

Detected species in this research   

53 21 39 

         New detected in thick juice   

         43 18 29 

Currently detected species   

72 18 58 

 

 

Only a small fraction of the thick juice bacteria (25%) were not detected by 

culture-based methods. More in particular, these bacteria were only found in freshly 

produced thick juice and encompassed thermophiles like Thermus and/or anaerobes like 

Caldicellulosiruptor and Sporolactobacillus, two groups that were not expected to be 

detected under the culture conditions used. Nevertheless, under appropriate conditions, 

one should be able to cultivate these bacteria. However, although Acinetobacter spp. 

were only detected using the culture-independent method, these aerobic proteobacteria 

should have been detected with the plating methods used. This discrepancy could 

possibly be explained by the lower detection limit of plating methods. Alternatively, the 

bacterium may have been overlooked on the plates by the selection criteria used or the 

DNA could have been derived from non viable cells or free DNA as well. In case of the 

bacteria that were identified during thick juice storage, no bacteria were found with the 

culture-independent method that were not picked up by the plating methods used. 

Bacteria only detected with the culture-based techniques are not as dominant as the 

Bacillus, Staphylococcus and Tetragenococcus spp. and are therefore not uncovered with 

universal primers. All together, one can conclude that the culturable flora covers almost 

the total thick juice microflora. 
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Beside the dominant thick juice bacteria, a few yeasts and moulds were detected 

during thick juice storage, though in rather low concentrations (<103 cfu/mL). BLAST 

analysis of internal transcribed spacer (ITS) sequences obtained from industrially stored 

thick juice samples revealed the presence of multiple yeast and mould species, including 

Candida bombi, C. zemplinina, Cordyceps sinensis, Cystofilobasidium infirmo-miniatum, 

Debaryomyces hansenii, Galactomyces geotrichum, Penicillium camemberti/commune, 

Pichia spp., Pichia anomala, Rhodotorula minuta, Torulaspora spp. and Torulaspora 

delbruecki (data not shown), which are all known to occur in food matrices like cheese, 

yoghurt, wine, maple sap and sugar melasse (Sheneman et al., 1959; Caggia et al., 

2001; Petersen et al., 2002; Samaraweera et al., 2003; Passoth et al., 2006). In 

addition, these species can also be found in the air (Sugita and Nakase 1998; Sampaio et 

al., 2001; Yamamoto et al., 2002). In contrast to stored thick juice, no eukaryotes were 

found in freshly produced thick juice. 

An interesting question related to the diversity of the microflora detected in thick 

juice is how this flora ends up in thick juice. After all, the severe heat treatment during 

evaporation kills, in principle, all vegetative microflora, as was confirmed in laboratory 

experiments (data not shown). All detected thick juice bacteria except Tetragenococcus 

spp. have been isolated from the air (data not shown), suggesting that air contamination 

could be an important contributing factor to the thick juice microbial composition. 

Therefore, installing an air filter at the top of the thick juice tank might reduce this 

contamination. At present, the source of contamination for Tetragenococcus still remains 

unclear. 

 

3.3.4 Tetragenococcus halophilus can cause thick juice degradation 

The hypothesis that T. halophilus as such is able to cause thick juice degradation by 

lactic acid production was tested by inoculating sterile thick juice with pure cultures of T. 

halophilus isolated from thick juice. The dynamics of the pH during 40 days of storage is 

presented in Fig. 3-4. A pH decrease was observed similar to the decrease occurring in 

the pilot scale experiment. Moreover, the pH decrease occurred more rapidly and was 

stronger when more concentrated inocula of T. halophilus were added. These results 

indicate that pure T. halophilus cultures can cause thick juice degradation similar to what 

is detected in factory storage tanks. It should be noted that uninoculated sterile thick 

juice underwent a small decrease in pH during storage without any bacteria becoming 

detectable by classical plating. A slightly increased concentration of LA was measured 

(data not shown), possibly indicating the transformation of sucrose into lactic acid by a 

purely chemical reaction as suggested previously (Manley-Harris et al., 1980; Chapter 2). 
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Originally isolated from anchovy pickles (Orla–Jensen, 1919), T. halophilus has been 

found in several other food products like Japanese soy sauce (Nagakawa and Kitahara, 

1959), Indonesian soy sauce (Röling and Verseveld, 1996), Japanese fermented puffer 

fish ovaries (Kobayashi et al., 2000), Thai fish sauce (Thongsant et al., 2002) and 

Indonesian shrimp paste (Kobayashi et al., 2003). These are all salted foods and T. 

halophilus has therefore been considered as a halophile thus far. This report is the first to 

show an association of this organism with a sugar-rich environment. Generally, the 

microflora of high-sugar foods is dominated by xerophilic filamentous fungi and 

osmophilic yeasts (Grant, 2004), and the dominance of a halophilic bacterium in sugar 

thick juice is therefore unexpected. In principle, the stresses imposed by salt (cations) 

and by sugar (uncharged organic solutes) are not necessarily the same (Grant, 2004). 

Many osmotolerant microorganisms (e.g. Staphylococcus aureus and Zygosaccharomyces  

rouxii) also tolerate high salt concentrations (Eriksen and McKenna, 1999; Scott, 1957), 

while the opposite is not necessarily true: microorganisms isolated from saturated salt 

lakes (aw = 0.75) for example, were not able to tolerate similar aw  values imposed by 

organic solutes (Kushner, 1978). The salt tolerance of T. halophila was shown to be 

enhanced in the presence of well established compatible solutes like ectoine, 

dimethylsulfoniopropionate, proline, choline, glycine betaine and L-carnithine, and the 

latter three compounds were shown to be actively taken up and contribute to intracellular 

sodium ion homeostasis (Robert et al., 2000). In S. aureus, compatible solutes in the 

medium contribute to both NaCl and sucrose tolerance (Vilhelmsonn and Miller, 2002), 

and it seems likely therefore that also in T. halophilus, uptake of the above mentioned 

compatible solutes will confer both halo- and osmotolerance. Nevertheless, this remains 

to be shown. An extensive genetic and physiological characterization of both halophile 

and osmophile T. halophili is presented in Chapter 4. 
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Fig. 3-4. Dynamics of the pH during thick juice storage after inoculation of sterilized thick juice with 
Tetragenococcus halophilus. Two different concentrations of two different isolates were used as inoculum. ▲ 
105 cfu/mL T. halophilus (B31) isolated from non-degraded thick juice, ∆ 102 cfu/mL T. halophilus (B31) 
isolated from non-degraded thick juice ■ 105 cfu/mL T. halophilus (B22) isolated from degraded thick juice, □ 
102 cfu/mL T. halophilus (B22) isolated from degraded thick juice , ○ Control, non-inoculated thick juice. 
 

 

3.3.5 Specific PCR for Tetragenococcus halophilus 

Based on its high density and the ability of pure T. halophilus cultures to decrease the 

pH, we believe that this organism plays an essential role in thick juice degradation. 

Therefore, a species-specific PCR was developed to detect T. halophilus using the primers 

193f and 480r. The non-target species listed in Table 3-1 were not amplified with the 

specific primers, whereas T. halophilus could be detected with a sensitivity of 40 fg of 

genomic DNA in pure water which represents in theory 20 cells of T. halophilus or 1 

cfu/mL since 20 mL was routinely extracted (Fig 3-5). In order to test the applicability of 

these results, industrial thick juice samples were analyzed for T. halophilus with the 

specific PCR assay. All analyzed samples, collected immediately after thick juice 

production from sugar companies in Belgium, Germany and France, showed a positive 

test (Table 3-7). 

 

 
 

Fig. 3-5. Sensitivity of the Tetragenococcus halophilus specific PCR. The concentrations amount of DNA is (1) 
1 ng, (2) 200 pg, (3) 40 pg, (4) 8 pg, (5) 200 fg, (6) 40fg, (7) 8 fg, (8) blank. 
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Table 3-7. Presence of T. halophilus in industrial thick juice samples from different countries as analysed with 
the species specific PCR and classical plating on Tryptone Soy agar (TSA). All thick juice samples were freshly 
produced and non-degraded, except for I65 which concerns degraded thick juice after seven months of industrial 
storage. 

Sample code  Country Factory Specific PCR for T. halophilus Fastidious Bacteria on TSA 

    (cfu/mL) 

I1-I2 Belgium Factory 1 +  1.0 x 10
2
 

I3-I4 Belgium Factory 1 +  < 100 

I8-I9 Germany Factory 2 +  < 100 

I10-I11 Germany Factory 3 +  < 100 

I12-I13 Germany Factory 4 +  < 100 

I14-I15 Germany Factory 5 +  < 100 

I16-I17 Germany Factory 6 +  < 100 

I18-I19 Germany Factory 7 +  < 100 

I20 France Factory 8 ++ 4.2 x 10
5
 

I21 France Factory 8 ++ 7.0 x 10
5
 

I22 France Factory 9 ++ 3.7 x 10
5
 

I23 France Factory 9 ++ 3.8 x 10
5
 

I24 France Factory 10 ++ 1.2 x 10
6
 

I25 France Factory 10 ++ 1.3 x 10
6
 

I26 France Factory 11 ++ 1.3 x 10
5
 

I27 France Factory 11 ++ 1.2 x 10
5
 

I28 France Factory 12 ++ 2.1 x 10
5
 

I29 France Factory 12 ++ 1.9 x 10
5
 

I65 Belgium Factory 1 / 2.0 x 10
7
 

 

;  / = negative. 
 

 

French samples contained remarkably more T. halophilus DNA in comparison to 

the low levels found in the Belgian and German thick juice samples (Table 3-7). Classical 

plating revealed a concentration of 105 cfu/mL in the French samples, whereas no T. 

halophilus colonies could be detected in the German samples (< 100 cfu/mL or 4000 fg 

DNA) compared to one single colony in 2 Belgian samples (detection limit = 100 cfu/mL). 

Sequencing confirmed the identity of the PCR products from the French and German 

samples as T. halophilus 16S rDNA, indicating the specificity of the assay in industrial 

samples with a natural mixed microflora. Probably the concentration of T. halophilus in 

the German thick juice samples was below the detection limit of the classical plating (100 

cfu/mL). The PCR analysis (on 20 mL samples) thus appears to be more sensitive, 

although the detection of free DNA or dead cells can not be excluded. The developed 

specific PCR assay can be useful for source tracking of T. halophilus. Starting from the 

beets, every refinery intermediate can be analyzed to track this fastidious bacterium. 

Three industrial samples from Factory 9 (France) and Factory 5 (Germany) were 

screened for their presence of T. halophilus along the production process (Table 3-8). 

Remarkably, almost all samples showed a positive result for the specific PCR, showing 
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that T. halophilus is present all along the sugar refinery. All samples resulted in a similar 

weak positive result, except the thick juice in which a clearly higher amount of T. 

halophilus was detected. Only thick juice sampled in November 2007 at Factory 5 

(Campaign 2008) gave a weak positive PCR and no T. halophilus could be detected with 

classical plate counts. Indeed, the corresponding refinery had taken care to avoid the 

high concentrations of the year before (I87) which resulted in degradation in the 

summer. 

The presence of T. halophilus DNA all along the sugar refining process suggests a 

continuous contamination like e.g. the pipelines or the air. As a non-sporeformer, T. 

halophilus is very unlikely to survive the severe heat treatment during the evaporation of 

beet juice in the sugar industry (data not shown), which corresponds to at least 12 

minutes above 100°C. Nevertheless, thick juice from French refineries already contained 

105 cfu/mL T. halophilus right after production, which suggests that T. halophilus may be 

able to establish as a house microflora in sugar refineries. In addition, the specific PCR 

should enable monitoring during thick juice storage. The sensitive and semi-quantitative 

PCR assay allows early detection of the target organism, facilitating appropriate handling 

like biocide treatment (e.g. hop extract, Chapter 2) or further processing of the thick 

juice. Additionally, more strain specific information about the T. halophilus isolated from 

degraded and non-degraded thick juice might provide options for control of thick juice 

degradation. 
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Table 3-8. Presence of T. halophilus in industrial samples all along the sugar refinery process as analysed with 
the T. halophilus specific PCR and classical plating on Tryptone Soy agar (TSA) 

    Code  Description pH Brix (°) 
Counts for  

T. halophilus (cfu/mL) Specific PCR  

I38 diffusion juice n.d. n.d. < 10 + 

I31 juice after clarification 1 n.d. n.d. < 10 + 

I32 juice after clarification 2 n.d. n.d. < 10 + 

I33 juice after evaporation n.d. n.d. < 10 +  
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I34 Thick juice n.d. n.d. 1.2 x 105 ++ 

            

I80 dilution medium 9.82 n.d. < 10 + 

I81 cooling media 1 7.28 n.d. < 10 + 

I82 cooling media 2 9.74 n.d. < 10 multiple bands 

I83 thick juice after 1st cooling 9.27 67.8 < 10 + 

I84 thick juice before last evaportaion 9.08 60.4 < 10 + 

I85 thick juice after 2nd cooling 9.33 67.7 < 10 + 

I86 thick juice of last evaportaion 9.11 69.2 < 10 + 

C
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0
0

7
 

F
ac

to
ry

 5
 

I87 conditioned thick juice 9.33 67.8 9.2 x 104 ++ 

        

I147 dilution medium 9.31   < 10 / 

I148 cooling medium 1 8.69  < 10 multiple bands 

I149 cooling medium 2 8.72  < 10 multiple bands 

I150 thick juice after first cooling 9.47 68.4 < 10 + 

I151 thick juice after second cooling 9.50 68.8 < 10 + 

I152 thick juice before last evaporation 9.30 59.2 < 10 + 

I153 thick juice of last evaporation 9.37 71.0 < 10 + 
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I154 conditioned thick juice 9.11 73.3 < 10 + 

 n.d.: not determined; multiple bands: no conclusion can be drawn since multiple bands were generated with the 

specific PCR,   / = negative. 
 

However, one industrially degraded thick juice sample, more in particular I65, 

contained 2,0*107 cfu/mL FB in 1 mL, but was negative for the detection of T. halophilus 

with specific PCR. Sequencing of the 16S rRNA gene from 14 FB isolates of this sample 

(GenBank Accession N° EU054451-EU054464) revealed a perfect match for the reverse 

specific primer 480R, but five mismatches in the forward primer 193F (5’ 

agTtAaaagAcgctttTT 3’). Highest similarity of 97% was observed with the 16S rDNA from 

Tetragenococcus muriaticus available in GenBank. These bacteria will be further 

characterized in the next chapter. 

 

Chapter 4 will focus on the comparison between several Tetragenococcus spp. 

colonies isolated from characteristically degraded and non-degraded thick juice, both 

from industrial and pilot scale storage tanks, in order to elucidate its precise role in thick 

juice degradation.  

In addition, further studies are needed for examination and for assessment of 

strategies to reduce microbial contamination during processing and storage. It is 
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therefore a major challenge to rapidly detect and identify all microorganisms of interest. 

In this regard, the data gathered in this chapter could be used to develop a new strategy 

to detect and identify the species that can occur in sugar thick juice and may have a 

potential role in its degradation. In fact, a DNA macroarray will be developed for 

simultaneous detection and identification of the most prominent thick juice bacteria in 

Chapter 5. Ultimately, such detection system could contribute to the development of 

management strategies for thick juice degradation resulting from microbial activity. 
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Chapter4 
 
 

4. Genetic and physiological diversity of Tetragenococcus 

halophilus strains isolated from sugar- and salt-rich 

environments* 

 

 
 

4.1 Introduction 

At present, the genus Tetragenococcus comprises four species encompassing T. 

halophilus (Collins et al., 1990), T. muriaticus (Satomi et al., 1997), T. solitarius 

(Ennahar and Caï, 2005) and T. korëensis (Lee et al., 2005). The species T. halophilus 

and T. muriaticus, both homofermentative lactic acid bacteria, play an important role in 

halophilic fermentation processes such as the production of soy sauce, soy paste, brined 

anchovies, fish sauce, Japanese fermented puffer fish ovaries, Indonesian ‘terasi’ shrimp 

paste and fermented mustard (Ito et al., 1985; Villar et al., 1985; Röling et al., 1994; 

Röling and van Verseveld, 1996; Kobayashi et al., 2000; Thongsant et al., 2002; 

Kobayashi et al., 2003; Chen et al., 2006). Recently, Willems et al. (2003) detected T. 

halophilus in concentrated sugar thick juice, an intermediate in the production of beet 

sugar. Subsequently, T. halophilus was reported as the dominant microflora in this 

sugar-rich environment and as a probable cause of thick juice degradation (Chapter 2 

and 3). Nevertheless, the dominance of this bacterium in equally conditioned tanks of 

thick juice does not always result in degradation, suggesting that different strains of T. 

halophilus might be responsible for the different evolution during storage (Chapter 3). A 

more detailed characterization, based on the genetic and physiological diversity of the T. 

halophilus strains isolated from degraded and non-degraded thick juice, should elucidate 

this controversy and provide options for effective control of thick juice degradation.  

In this chapter, we grouped 25 isolates of the species Tetragenococcus obtained 

from thick juice using random amplified polymorphic DNA (RAPD) fingerprinting to 

identify clonal related strains. 

*
Results described in this chapter will be published in “Genetic and physiological diversity of Tetragenococcus halophilus 

isolated from sugar- and salt-rich environments” Justé, A., Lievens, B., Frans, I., Marsh, T., Klingeberg, M., Michiels, 
C.W. and Willems, K.A., 2008f. Microbiology. In Press. 
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Based on this grouping, nine Tetragenococcus strains isolated from both degraded and 

non-degraded thick juice were selected for an extensive genetic and physiological 

characterization (referred to as ‘osmophilic tetragenococci’). A comparison was made 

with seven strains isolated from a high salt environment (referred to as ‘halophilic 

tetragenococci’). At the genetic level, strains were further compared by 16S rRNA gene 

sequencing, repetitive extragenic palindrome (REP-PCR) analysis, and DNA-DNA 

hybridization. The physiological characterization included substrate utilization patterns 

and growth properties in salt-rich and sugar-rich media.  

 

4.2 Materials and methods 

4.2.1 Bacterial strains 

Twenty five representative strains (Table 4-1) were selected from a large collection of 

thick juice tetragenococci (Chapter 2 and 3) and used in this study. In order to ensure a 

wide diversity, the strains were selected from different geographical origins, from 

degraded and non-degraded thick juice samples to which hop acids had been added or 

not. One strain was identified as T. muriaticus, the others as T. halophilus based on a 

species-specific PCR (Chapter 3). T. halophilus strains from salt-rich environments were 

purchased from either the BCCM/LMG Bacteria Collection (Ghent, Belgium), the Japanese 

Collection of Microorganisms (JCM; Hirosawa, Japan) or the Institute of Applied 

Microbiology (IAM; University of Tokyo, Japan) (Table 4-1). To these purchased strains, 

an additional ‘T-number’ was assigned for simplifying the analyses (T11-T20). Strains 

were cultured on Tryptone Soy agar (TSA) at 30°C. Stock cultures were maintained in 

15% glycerol at      -80°C.  

 

4.2.2 DNA extraction  

Genomic DNA was extracted using the phenol-chloroform extraction method as described 

before (Lievens et al., 2003). For genomic DNA-DNA hybridization, DNA extractions were 

performed by the method of Wilson (1987) with minor modifications (Cleenwerck et al., 

2002). 
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Table 4-1. Tetragenococcus strains used in this study, isolated from both thick juice (osmophilic strains) and 
salt-rich environments (halophilic strains)  

  Geographic origin Isolate Sample description Sampling Campaign RAPD groupa 

Belgium        

Factory 1 T1 Degraded Thick Juice (TJ) 2006 I 

Factory 1 T3 Non-degraded TJ 2005 II 

Factory 1 T4 Non-degraded TJ 2006 II 

Factory 1 T5 Degraded TJ 2005 II 

Factory 1 T7 Non-degraded TJ 2006 II 

Factory 1 T9 Non-degraded, hop-treated TJ 2004 II 

Factory 1 T10 Degraded TJ 2007 II 

Factory 13 T52 (ID4406) Degraded TJ 1997 VIIIc, d 

Factory 13 T53 (ID4407) Degraded TJ 1997 VIIIc, d 

     

Germany     

Factory 5 T6 Degraded TJ 2000 III 

Factory 5 T20 Non-degraded TJ 2007 III 

Factory 5 T25 Non-degraded TJ 2007 III 

Factory 5 T26 Non-degraded TJ 2007 III 

Factory 5 T27 Non-degraded TJ 2007 III 

Factory 5 T47 Degraded TJ 2007 III 

Factory 5 T49 Degraded TJ 2007 III 

Factory 7 T41 Non-degraded TJ 2007 IXd 

Factory 7 T42 Non-degraded TJ 2007 IXd 

     

France     

Factory 10 T2 Non-degraded TJ 2006 IV 

Factory 12 T29 Degraded TJ 2007 IV 

Factory 12 T30 Degraded TJ 2007 IV 

Factory 10 T31 Non-degraded TJ 2007 IV 

Factory 10 T32 Non-degraded TJ 2007 IV 

Factory 12 T33 Non-degraded TJ 2006 IV 

Factory 12 T34 Non-degraded TJ 2006 IV 

Factory 11 T35 Non-degraded TJ 2006 IV 
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Factory 11 T36 Non-degraded TJ 2006 IV 

    Culture collectionb  

Belgium T11T Anchovy pickles LMG 11490T (ATTC 33315) V 

Belgium T12T Squid liver sauce LMG 18498T VI 

Japan T13 Fermented soybean mash IAM 1673 (TTC 13621) V 

Japan T14 Soy sauce brewing mashes IAM 1674 (ISL7118) V 

Japan T15 Soy sauce brewing mashes IAM 1675 (ISL 7126) V 

Japan T18 Fermented shrimps JCM 2014 VII H
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Japan T19 Fermented small fish JCM 2015 V 
Refineries are represented by numbers. 
a RAPD grouping was based on a RAPD analysis using primer RAP3 (Fig. 4-1). 
bATCC: American Type Culture Collection (Manassas, Virginia, USA); IAM: the Institute of Applied Microbiology 
(University of Tokyo, Japan) JCM: the Japanese Collection of Microorganisms (Hirosawa, Japan); LMG: BCCM/LMG 
Bacteria Collection (Ghent, Belgium). 
c The isolates from Factory 13 had a slightly different RAPD pattern than the isolates from Factory 1 for RAPD6. RAPD1 
and RAPD3 gave identical results for all isolates from Factory 1 and Factory 13.  
d These isolates were only partially characterized with RAPD, Biolog, 16S rRNA gene sequencing and genomic DNA-DNA 
hybridization. 
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4.2.3 RAPD fingerprinting  

To select discriminative RAPD-primers to type Tetragenococcus strains, initially 10 

decamer oligonucleotides, randomly selected from the Operon primer kits (Operon 

Technologies Inc., Alameda, CA, USA), were screened on a subset of the strains listed in 

Table 4-1. Three primers that led to the production of clear, distinct, reproducible and 

polymorphic bands were selected for further analysis. These included RAP1 

(CAGCACTGAC), RAP3 (AGGGTCGTTC) and RAP6 (GGGCCGTCT). Amplification was 

performed in a total volume of 20 µL containing 0.5 µM of the single random primer, 

0.15 mM of each deoxynucleoside triphosphate, 1.0 U Titanium Taq DNA polymerase 

(Clontech Laboratories, Palo Alto, CA, USA), and 1 ng of genomic DNA. Before 

amplification, DNA samples were denatured at 94°C for 2 min. Subsequently, 35 cycles 

were run of 1 min at 94°C, 1 min at 35°C, and 2 min at 72°C, with a final extension step 

at 72°C for 10 min. RAPD-PCR products were separated by loading 10 µL of the reaction 

volume on 1.5% agarose gels followed by 120 min electrophoresis at 4 V/cm in 1x Tris-

acetate-EDTA (TAE) buffer, stained with ethidium bromide, and visualized with UV light. 

A 1-kb DNA ladder (Smartladder, Eurogentec, Seraing, Belgium) was used as size marker 

for comparison. Gel images were acquired with the BioChemi System (UVP, Upland, CA, 

USA). Image data were processed by using GelCompar software, version 4.6.1 (Applied 

Maths, Kortrijk, Belgium). After normalization and background subtraction, the levels of 

similarity between RAPD-PCR fingerprints were calculated by using the Pearson 

correlation coefficient. Cluster analysis was performed on three gels, optioned with three 

different RAPD-primers and was performed by using the unweighted pair group method 

(UPGMA). The different RAPD primers resulted in similar clustering (data not shown). All 

RAPD reactions were performed in triplicate to check reproducibility. 

 

4.2.4 16S rRNA gene sequence analysis 

The nearly complete 16S rRNA gene was amplified by PCR with the universal bacterial 

primers 27F and 1492R (Lane, 1991). The target DNA (1 ng) was amplified in a total 

volume of 20 µL containing 0.3 µM of each primer, 0.3 mM of each deoxynucleoside 

triphosphate, 1mM MgSO4, 2x Pfx amplification buffer, 2x PCR Enhancer and 1.0 U 

Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA, USA). Before amplification, DNA 

samples were denatured at 94°C for 2 min. Subsequently, 30 cycles were run of 15s at 

94°C, 30s at 59°C, and 90s at 72°C, with a final extension step at 72°C for 10 min.  

Sequencing was performed on purified PCR products with the same primers 27F 

and 1492R. Samples were analyzed on an Applied Biosystems 373A Automated 

Sequencer. A search for sequence similarities was performed using the BLAST (Altschul 
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et al., 1997) algorithm to screen GenBank (Benson et al., 2004). All obtained sequences 

were deposited in GenBank under the Accession Numbers listed in Table 4-2. Multiple 

sequence alignment was performed using CLUSTAL X. Phylogenetic analyses were 

performed using the neighbour-joining algorithm of the CLUSTAL X software package. 

Phylogenetic trees were constructed using CLUSTAL X and visualized using Treeview. 

 

4.2.5 REP-PCR fingerprinting 

For the selection of a REP-PCR primer (pair) to characterize Tetragenococcus species, two 

single oligonucleotides, BOXA1R (CTACGGCAAGGCGACGCTGACG) and (GTG)5, and one 

primer pair, REP1R-I (IIIICGICGICGICATCIGGC) and REP2-I (ICGICTTATCIGGCCTAC) 

were initially tested on a subset of five Tetragenococcus strains. PCR conditions were as 

described by Versalovic et al. (1994). In contrast to primer BOXA1R which generated 

only 1 to 3 bands, the (GTG)5 primer and the REP1R-I and REP2-I primer set had good 

discriminative abilities, yielding 2 to 13 bands for each isolate. Nevertheless, since the 

products generated with primer (GTG)5 hardly migrated from the slots during gel 

electrophoresis, the REP1R-I and REP2-I primer set was chosen for further analyses. 

REP-PCR analysis was performed in a total volume of 20 µL containing 0.5 µM of 

each primer, 0.15 mM of each deoxynucleoside triphosphate, 1.0 U Titanium Taq DNA 

polymerase, and 1 ng of genomic DNA. Before amplification, DNA samples were 

denatured at 94°C for 2 min. Subsequently, 35 cycles were run of 1 min at 94°C, 1 min 

at 40°C, and 4 min at 72°C, with a final extension step at 72°C for 10 min. REP-PCR 

products were separated and visualized as described in 4.2.3, and image data were 

processed as for the RAPD analyses. All REP-PCR reactions were performed in duplicate 

to check reproducibility. 

 

4.2.6 DNA-DNA hybridization 

DNA–DNA hybridizations were performed according to a modification (Goris et al. 1998; 

Cleenwerck et al. 2002) of the microplate method described by Ezaki et al. (1989). The 

hybridization temperature was 35°C and reciprocal reactions (e.g. A x B and B x A) were 

performed. DNA binding values reported are mean values of at least four hybridization 

experiments, including the reciprocal reactions. 

 

4.2.7 Carbon source metabolic fingerprint 

Utilization of 95 different carbon sources was tested in the BIOLOG MicroStation System 

(BIOLOG, Inc., Hayward, CA, USA; Bochner, 1989). Strain preparation and cultivation 
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were performed according to the supplier's instructions for gram-positive bacteria, except 

that the isolates were grown for three days to obtain the requested inoculum density. 

Subsequently a GP2 MicroPlate was inoculated with 150 µL bacterial suspension per well 

and incubated at 30°C for 4 to 8 days.  

 

4.2.8 Salt and sucrose tolerance 

Salt and sucrose tolerance was first tested in Tryptone Soy Broth (TSB) with added NaCl 

(15, 20, 25% and 28.5% (saturation)) and sucrose (30, 60% and 66% (saturation)), 

respectively. Experiments were conducted at pH 7.0, defined as the optimum pH for 

growth of T. halophilus by Röling and van Verseveld (1997), and at pH 9.0, a typical pH 

of non-degraded thick juice. The experiment was performed in closed 50 mL conical 

tubes with 15 mL of culture under vigorous stirring at 30°C. Cells were inoculated at a 

final concentration of 106 cfu/mL and the ability to grow was judged from visual 

examination of opacity during 6 to 18 days incubation. Samples without apparent 

bacterial growth were plated on Tryptone Soy agar (TSA) for confirmation. To further 

investigate differences in growth characteristics, all strains were inoculated in a similar 

way in standard sterilized thick juice with 69° Brix and a pH of 9.3. Plate counts were 

determined on TSA (6 days of incubation at 30°C) after different periods of incubation. In 

addition, for two halophilic strains, T11T and T15, growth was monitored during 62 days 

storage at 30°C in thick juice adjusted to a varying Brix index at both pH 7.0 and 9.0. 

Adjustment of the pH was done with concentrated HCl. 

 

4.3 Results 

4.3.1 RAPD fingerprinting 

In order to make a comprehensive, but well-considered selection of Tetragenococcus 

strains to study the genetic and physiological differences between different tetragenocci, 

all strains listed in Table 4-1 were subjected to a RAPD analysis using the primers RAP1, 

RAP3 and RAP6. RAPD patterns were obtained with DNA fragment sizes ranging from 100 

to 3000 bp, and both the presence and the relative intensities of the bands were found to 

be reproducible for all primers in different runs (data not shown). RAPD analysis of all 

studied thick juice strains listed in Table 4-1 with primer RAP3 resulted in 22 distinct 

fragments (Fig. 4-1), while RAP1 and RAP6 resulted in 20 and 15 different fragments 

respectively, all of them producing seven clearly distinct RAPD profiles (Fig. 4-1).  
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Fig. 4-1. RAPD fingerprint obtained with primer RAP3 for of all Tetragenococcus strains listed in Table 4-1, 
with the corresponding dendrogram derived from UPGMA linkage of Pearson correlation coefficients. 
Cophenetic correlations are shown at the nodes. Nine RAPD groups were defined indicating the major clusters 
(I-IX). T11-T20 represent halophilic strains that were purchased at culture collections as indicated in Table 4-1. 

 

Cluster analysis either performed on the individual patterns obtained with each 

RAPD primer or on the combined dataset resulted into a similar dendrogram as the one 

shown in Fig. 4-1. The halophilic Tetragenococcus strains T11T, T13, T14, T15 and T19 

were grouped into a single cluster (RAPD group V). The other halophilic strains, T. 

muriaticus T12T and T18 clustered separately as RAPD group VI and VII, respectively. 

The osmophilic strains were grouped depending upon the factory of origin, showing one 

cluster for almost all strains from factory 1 (RAPD group II), and all strains from factory 

5 (RAPD group III), 7 (RAPD group IX) and 13 (RAPD group VIII). Remarkably, all three 

French refineries contained strains with the same RAPD pattern (RAPD group IV). Only T1 
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clustered separately from the other tetragenococci from factory 1 (RAPD group I; Fig. 4-

1). In addition, T1 and the strains from refinery 7 (T41 and T42) appeared less related to 

the other osmophilic strains compared to the halophilic strains and even T12T. No strain 

pattern could be specifically and systematically associated to degraded or non-degraded 

thick juice (Fig. 4-1). Based on this extensive RAPD screening, per RAPD group at least 

one strain was selected for further genetic and physiological characterization (except for 

RAPD group VIII and IX). In order to study the association between specific strains from 

degraded or non-degraded thick juice, five additional T. halophilus strains from the 

Belgian refinery 1, that correspond to previously published work and as a consequence to 

well-characterized thick juice samples (Chapter 2 and 3), were selected in the final set of 

test strains. Although these strains had an identical RAPD pattern, they were selected 

because of their difference in origin: i.e. isolated from degraded or non-degraded thick 

juice, isolated from thick juice which was or which was not treated with hop biocides, and 

isolated over a period of several years. In total, nine osmophilic (T1-T7, T9 and T10) and 

seven halophilic strains (T11T-T15, T18 and T19) were retained for further experiments.  

 

4.3.2 16S rRNA gene sequencing and phylogenetic analysis  

To examine the phylogenetic similarity between the selected osmophilic (T1-T7, T9, T10, 

T42 and T52) and halophilic strains (T11T-T15, T18 and T19), their 16S rRNA gene 

sequences were determined and compared with those from GenBank (Table 4-2). Based 

on a BLAST analysis, all strains with the exception of T18 and T1, were identified as T. 

halophilus (>99% homology). The 16S rRNA gene of isolate T18, which was originally 

isolated from fermented shrimps, appeared identical with the 16S rDNA sequence from a 

Pediococcus species (GenBank Accession N° EU147315.1). The 16S rRNA gene of T1 

which was isolated from degraded sugar thick juice from a Belgian factory showed most 

homology (98%) to the 16S rDNA of Tetragenococcus muriaticus (GenBank Accession N° 

D88824.1; Table 4-2). 

Furthermore, the sequences of all selected tetragenococci and all available (13) T. 

halophilus sequences from GenBank (labeled as “GB”) were aligned (1077bp) and a 

phylogenetic tree was constructed (Fig. 2). The sequences of all selected halophilic T. 

halophilus strains (T11T, T13-T15, T19) clustered within the GenBank sequences in a 

single group  (100% bootstrap support). The sequences of the osmophilic strains 

clustered as a subgroup of the T. halophilus cluster (64% bootstrap support). The 16S 

rDNA sequences from T3, T4, T5, T6, T7 and T10 were identical, while  some subtle 

nucleotide differences were observed with strains T2 and T9. In addition,  the sequences 

of T1 and T12T, the type strain of T. muriaticus, were clearly separated from the other 
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isolates. Nevertheless, both strains still differed in 25 nucleotides (2%). All sequences 

obtained in this study were deposited in GenBank under the Accession Numbers listed in 

Table 4-2. 

 

 

Table 4-2. Tetragenococcus strains selected for profound characterization with corresponding 16S rRNA gene 
sequence information 

  Code GenBank Nearest 16S rRNA gene match using BLAST analysis 

    Accession N° Organism GenBank Accession N° Nucleotide similarity (%) 

T1 EU522083 Tetragenococcus muriaticus D88824.1 98 

T2 EU522084 Tetragenococcus halophilus FSB201 99 

T3 EU522085 T halophilus AB041346.1 99 

T4 EU522086 T. halophilus AB041346.1 99 

T5 EU522087 T. halophilus AB041346.1 99 

T6 EU522088 T. halophilus AB041346.1 99 

T7 EU522089 T. halophilus AB041346.1 99 

T9 EU522090 T. halophilus FSB201 99 

T10 EU522091 T. halophilus AB041346.1 99 

T42  T. halophilus D88668.1 99 

O
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T52 EU660432 T. halophilus D88668.1 99 

          

T11T EU689052 T. halophilus D88668.1 99 

T12T EU689053 T. muriaticus D88824.1 99 

T13 EU689054 T. halophilus FSB201 99 

T14 EU689055 T. halophilus FSB201 99 

T15 EU689056 T. halophilus D88668.1 99 

T18 EU689057 Pediococcus sp. AB272369.1 100 H
a
lo

p
h

ili
c
 s

tr
a
in

s
 

T19 EU689058 T. halophilus FSB201 99 
T11-T20 represent halophilic strains that were purchased at culture collections as indicated in Table 4-1. 
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Fig. 4-2. Phylogenetic analysis of 16S rRNA gene sequences of the  selected Tetragenococcus isolates recovered from either 
sugar thick juice (T1-T7, T9 and T10) or from a salt-rich environment (T11T-T15 and T19), together with all available T. 

halophilus sequences in GenBank (GB1–GB13). Relationships were determined using the neighbor-joining clustering 
method based on 1077bp. Bootstrap values (based on 100 replications) higher than 60 are shown at the robust nodes of the 

tree. Strain numbers are accompanied by their respective GenBank Accession Numbers. T11-T20 represent halophilic 
strains that were purchased at culture collections as indicated in Table 4-1. 
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4.3.3 REP-PCR fingerprinting 

REP-PCR fingerprints were generated using the primer set REP1R-I and REP2-I. Cluster 

analysis clearly separated the osmophilic strains from the halophilic T. halophilus strains 

(Fig. 4-3). In contrast to the 16S rDNA phylogeny, strain T1 did not cluster together with 

the type strain of T. muriaticus T12T, but clustered separately. Similar to the RAPD 

analyses, no strain pattern could be specifically associated to degraded or non-degraded 

thick juice. Remarkably, the REP-PCR fingerprint generally produced weaker signals for 

the halophilic strains than for the osmophilic strains (Fig. 4-3). Nevertheless, since for all 

DNA samples (except T10) similar amounts of PCR products were generated using the 

16S rDNA universal primers 27F and 1492R (data not shown), differences in DNA quality 

may be excluded. Nevertheless, the separate clustering of T10 might be due to the 

relative low intensity of the obtained bands (e.g. by a less efficient PCR). Indeed, since 

clustering was done with the Pearson coefficient, importance is given to the relative 

intensity of the densiometric curves and not only to presence and/or absence as for Dice 

correlation coefficients. Clustering with the Dice coefficient showed a similar cluster 

pattern except that T10 clustered together with T3, T4, T5, T7 and T9 (data not shown). 

In both cases, the isolates from the refineries from Germany (T6) and France (T2) 

clustered separately from the isolates obtained from the Belgian refinery (T3, T4, T5, T7, 

T9 (and T10)) (Fig. 4-3), in accordance with the RAPD results (Fig. 4-1). 

 

Fig. 4-3. REP-PCR fingerprint generated using the primer set REP1R-I and REP2-I and corresponding 
dendrogram derived from UPGMA linkage of Pearson coefficients of the 16 selected Tetragenococcus strains, 
isolated from either sugar thick juice (T1-7, T9 and T10) or from a salt-rich environment (T11T-T15, T18 and 
T19). Cophenetic correlations are shown at the nodes of the tree. T11-T20 represent halophilic strains that were 
purchased at culture collections as indicated in Table 4-1. 
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4.3.4 DNA-DNA hybridization 

Apart from the above mentioned fingerprinting techniques targeting random or specific 

DNA sequences in the genome, genetic similarity between the different strains was also 

measured by DNA-DNA hybridization. Only strains with a different RAPD pattern were 

selected for this analysis, including the osmophilic strains T1 (RAPD group I), T2 (RAPD 

group IV), T5 (RAPD group II), and T6 (RAPD group III), T42 (RAPD group IX), T52 

(RAPD group VIII) and the halophilic strains T11T (RAPD group V) and T12T (RAPD group 

VI). As presented in Table 4-3, all species hybridized with the T. halophilus type strain 

T11T (strains T2, T5, T6 and T52) showed more than 70% DNA homology with each 

other, except for T42. As a DNA homology of 70% is generally accepted as a limit for 

species delineation (Wayne et al. 1987), it can be concluded that T2, T5, T6 and T52 all 

belong to the species T. halophilus. Although some of the hybridization results showed 

variations outside the limits of this method (20-25 units, Goris et al. 1998), these values 

do not influence the conclusion as presented by the good hybridization values. T1, whom 

16S rDNA sequence showed most similarity with the corresponding gene of T. muriaticus 

(Table 4-2, 98%) but which had a clearly different RAPD and REP pattern, showed less 

than 70% DNA homology with the T. muriaticus type strain T12T (Table 4-3). 

Consequently, T1 and T42 may represent a novel species of the genus Tetragenococcus. 

 

Table 4-3. Levels of DNA-DNA reassociation between several Tetragenococcus strains 

Strain            % Relatedness to labeled DNA from 

  T1 
LMG 
18498T T2 T5 T6 T42 T52 T53 

LMG 
11490T 

T1 100         

T. muriaticus LMG 18498T
 57 (13) 100        

          

T2   100       

T5   77 (11) 100      

T6   88 (14) 85 (24) 100     

T42   52 (9) 59 (3) 54 (19) 100    

T52   79 (23) 97 (49) 84 (15) 63 (7) 100   

T53   82 (18) 89 (35) 91 (11) 68 (6) 89 (5) 100  

T. halophilus LMG 11490T
   80 (28) 79 (41) 80 (66) 58 (13) 79 (5) 77 (3) 100 

The type strains T. halophilus LMG 11490T and T muriaticus LMG 18498T represent the strains T11T and T12T, 
respectively. The number between brackets is the variation between two hybridizations. Technical data with high 
variations are presented in grey. Hybridization values can be higher than 100% if the strain is hybridizing better 
than the identical strain.  

 

 

4.3.5 Biochemical characterization 

Using the BIOLOG system, the carbon source utilization (SU) pattern of the 17 selected 

tetragenococci including 11 osmophilic (T1-T7, T9-T10, T42 and T52) and 6 halophilic 
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strains (T11-T15, T19) was analyzed. In addition, T20 and T30 were as well analyzed. 

Following the standard protocol for gram-positive cocci, the five halophilic T. halophilus 

(T11T, T13-T15, T19) were found to metabolize several substrates, generally 

corresponding to the findings of Röling and van Verseveld (1996). In particular, all 

halophilic isolates were able to utilize α-D-glucose, D-fructose, sucrose, D-mannose, N-

acetyl glucosamine, maltose, α-methyl D-glucoside, D-ribose, salicin, methyl pyruvate, 

pyruvic acid and glycerol. Utilization of D-piscose showed variable results for isolate T11T 

and T14. The isolates were unable to utilize α-cyclodextrin, β-cyclodextrin, glycogen, 

inulin, mannan, L-fucose, D-galacturonic acid, D-gluconic acid, m-inositol, D-melezitose, 

β-methyl D-galactoside, 3-methyl glucose, L-rhamnose, sedoheptulosan, xylitol, D-xylose 

and L-malic acid, as well as the amino acids and other organic acids in the BIOLOG 

plates. Substrates not mentioned were differentially utilized, giving rise to four distinct 

SU patterns for the five tested isolates (Table 4-4). Strain T11T and T14 gave identical 

SU patterns. Although these results generally correspond well to the findings of Röling 

and van Verseveld (1996), a few differences were observed between both studies. One 

example is the positive reaction for all our strains for D-glucose, D-fructose and D-

mannose while Röling and his co-worker obtained in some cases surprisingly negative 

results for these C-sources. In addition, D-piscose was used by T11T and T14, while 

previously all T. halophilus strains were reported not to use this carbon source. On the 

other hand, none of our strains did metabolize the carbon sources arbutin, D-cellobiose, 

D-galactose, gentobiose and D-mannitol despite the earlier observations of Röling and 

van Verseveld (1996). This discrepancy might be explained by the different composition 

of the plates which were used at that time (Bochner, personal communication). In 

addition, both the growth medium and the incubation conditions used by Röling and van 

Verseveld differed from the protocol we used, and could therefore also explain the 

differences. Nevertheless, when we used the protocol of these authors, therefore using 

TSB + 5% NaCl instead of the advised Biolog Universal Growth (BUG) plates with blood, 

much less positive reactions were obtained. More in particular, all weak reactions 

obtained with our protocol were negative when TSB + 5% NaCl was used as growing 

medium. 
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Table 4-4. Differential substrate utilization patterns by T. halophila isolates 

Strain T11 and T14 T13 T15 T19 

Arbutine + + - - 

D-cellobiose + + - - 

D-galactose + + - - 

D-mannitol - + + - 

D-piscose w - - - 

D-trehalose + + - - 

gentobiose + + - - 

maltotriose + - - - 
N-acetyl-D-
mannosamine + + - w 

+ = positive reaction; - = negative reaction; w = weak or variable reaction. 

 
 

In contrast to the halophilic T. halophilus strains, T12T, the type strain of T. 

muriaticus, was only able to use a single carbon source, namely glycogen. The osmophilic 

isolate T1 metabolized a limited number of carbon sources encompassing sucrose, D-

Fructose, α-D-glucose, N-acetyl-D-glucosamine, D-mannose and D-trehalose. The other 

ten osmophilic isolates produced a negative test result for all carbon sources. 

Furthermore, an additional French isolate T30 and German isolate T20 were as well 

analyzed and gave identical results. Generally, the use of a carbon source in the BIOLOG 

system is indicated by reduction of the colorless tetrazolium violet (TV) to the purple 

formazan (Bochner, 1989). However, since TV can be toxic to slowly growing bacteria, 

and in particular to gram positives (Bochner, personal communication), we tested the 

sensitivity of the tetragenococci for TV by streaking them on TSA plates containing 

0.01% TV and incubation for 8 days at 30°C. All halophilic strains showed an inhibited 

growth (growth only in densely inoculated zones; no single colonies), but still reduced 

TV. Most osmophilic strains however, showed an even more severe inhibition of their 

growth, and stayed nearly white, illustrating a high sensitivity of these bacteria to TV. 

Remarkably, osmophilic strains T2 and T6 were not inhibited, but did not reduce TV 

either. 

 

4.3.6 Physiological characterization: salt and sucrose tolerance 

To examine physiological differences between the different Tetragenococcus strains 

isolated from both salt and sucrose rich environments, tolerance to these specific 

osmolytes at different pH values was tested for a subset of both halophilic (T11T, T15 and 

T18) and osmophilic strains (T1, T5 and T9) (data not shown). All strains were able to 

grow in TSB containing up to 66% sucrose, both at pH 7.0 and pH 9.0, except the 

halophilic strain T18, which was already inhibited at 25% sucrose. In addition, all strains 
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could grow in TSB with up to 25% NaCl at pH 7.0 and 9.0, although bacterial growth was 

delayed by NaCl in a concentration-dependent manner (data not shown). The strains 

showed more sensitivity to increasing concentrations of NaCl at pH 7.0 than at pH 9.0. 

This resulted into a remarkable shift in the optimum pH for growth at the highest NaCl 

concentrations (25% and 28.5%). At 25% NaCl, growth was observed at pH 7.0 and 9.0 

after respectively 12 and 8 days. At the saturation level (28.5% NaCl), growth only 

occurred at pH 9.0. In TSB without extra NaCl or with NaCl concentration up to 19%, the 

Tetragenococcus strains grew faster at pH 7.0, in agreement with the previous reported 

optimum pH for growth of these bacteria (Röling and van Verseveld, 1997).  

To further investigate the physiological differences between all studied strains, the 

osmophilic and halophilic strains were grown until saturation in TSB and inoculated in 

sterilized thick juice with pH 9.3 and 69°Bx (Table 4-5). After seven days, all strains 

showed a marked reduction in plate count from the initial inoculum of 106 cfu/mL to less 

than 5*103 cfu/mL. Apparently, an adaptation period was necessary for the cells before 

they start growing in the thick juice. For strain T18, the count even dropped below the 

detection limit of 10 cfu/mL. After 21 days, the counts of all the osmophilic strains except 

T2 and T10, had slightly increased. After 47 days, cell numbers of higher than 105 cfu/mL 

were reached, except for strain T10, which reached 1.2 x 104. In contrast, the counts of 

all the halophilic isolates continued to decline over the entire duration of the experiment, 

although this occurred not at the same rate for all strains. The counts after 47 days had 

dropped below detection threshold for type strain T11T and strains T18 and T19, and did 

not exceed 103 cfu/mL for all the other halophilic strains (Table 4-5).  

 
 

Table 4-5. Growth and survival of halophilic and osmophilic T. halophilus strains after inoculation at 106 
cfu/mL in thick juice with 69°Bx and pH=9.3 at 30°C 

Day of storage 7 21 47 

Strain Counts for T. halophilus (cfu/mL)a   

T1 2.6 x 103 1.4 x 104 >105 

T2 2.0 x 103 3.3 x 102 >105 

T3 4.3 x 103 7.8 x 103 >105 

T4 3.0 x 103 1.2 x 104 >105 

T5 5.6 x 103 1.1 x 103 >105 

T6 2.0 x 103 8.0 x 103 >105 

T7 1.3 x 103 9.0 x 103 >105 

T9 1.7 x 103 1.2 x 103 >105 

T10 2.0 x 103 1.0 x 10 1.2 x 104 

T11 1.0 x 103 <10 <10 

T13 3.0 x 103 <10 1.0 x 10 

T14 3.9 x 103 2.5 x 103 1.0 x 103 

T15 2.2 x 103 5.8 x 103 1.8 x 102 

T18 <10 <10 <10 

T19 7.7 x 102 2.4 x 102 <10 
a on Tryptone Soy agar. 
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Strains T11T and T15 were chosen to further characterize the growth of the 

halophiles in thick juice at different solid contents and different pH values. As shown in 

Table 4-6, the counts of both strains declined over the entire period of 62 days when the 

thick juice had a solids content of 65°Bx or above. The decline was stronger at pH 7.0 

than at pH 9.0, but did generally not significantly differ between the strains and between 

thick juice of 65°Bx, 67°Bx or 69°Bx, except at 69°Bx with pH 9. At 60°Bx, in contrast, 

both strains were able to grow, reaching a count of >105 cfu/mL at the end of the 

experiment. However, at pH 7.0, this growth phase was preceded by an initial decline at 

day 7, after which growth resumed, whereas at pH 9.0, both strains reached >105 

cfu/mL already at day 7. 

 

 

Table 4-6. Inoculation of the halophilic T11T and T15 strains in standard sterilized thick juice with varying 
solids content (°Bx) and pH 

pH Strain Brix (°) Days of storage at 30°C 

   7 13 24 62 

      Counts for T. halophilus (cfu/mL)a 

7 T11 60 <10 7.0 x 10 2.0 x 10 >105 

 T15  2.0 x 103 4.0 x 103 >105 >105 

       

7 T11 65 <10 1.0 x 10 <10 <10 

 T15  <10 8.0 x 10 <10 <10 

       

7 T11 67 <10 <10 <10 <10 

 T15  <10 5.0 x 10 3.0 x 10 <10 

       

7 T11 69 <10 <10 <10 <10 

 T15  <10 1.0 x 10 <10 <10 

              

9 T11 60 >105 >105 >105 >105 

 T15  >105 >105 >105 >105 

       

9 T11 65 2.0 x 103 2.0 x 103 1.0 x 103 2.0 x 10 

 T15  2.0 x 103 2.0 x 103 2.0 x 103 1.0 x 102 

       

9 T11 67 2.0 x 103 1.5 x 103 7.0 x 102 7.0 x 102 

 T15  2.0 x 103 2.0 x 103 2.0 x 103 5.0 x 103 

       

9 T11 69 <10 <10 <10 <10 

  T15   2.0 x 103 4.0 x 103 3.0 x 103 1.0 x 102 
a on Tryptone Soy agar. 
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4.4 Discussion 

In this study T. halophilus strains from high salt and high sugar environments, and in 

particular from degraded and non-degraded thick juice, were profoundly compared. Both 

physiological and genetic characterization using RAPD technology, REP-PCR, BIOLOG and 

growth tolerance, revealed clear differences between T. halophilus strains isolated from 

salt and sugar rich environments. However, no strain pattern could be specifically and 

systematically associated to degraded or non-degraded thick juice. 

RAPD fingerprinting of 25 thick juice isolates revealed similar patterns for all 

isolates from the same refinery, regardless the year of isolation, the condition of the 

thick juice (degraded or not), and hop-treated or not, indicating the existence of a stable 

in-house flora in each location. This in-house flora is not always producer-specific. All 

three refineries from France, for example, contained two years on a row isolates with 

identical RAPD patterns. Röling and van Verseveld (1996) however, observed highly 

different RAPD patterns for T. halophilus strains isolated from different soy sauce 

manufacturers. As for our results, these patterns were consistent over different years. 

Also for other microflora, clustering of isolates according to their geographical origin, 

indicating independent evolutionary origins for the different clusters, has been frequently 

reported (Dyble et al., 2002; Wong et al., 2004). 

Based on the obtained RAPD results, 11 osmophilic strains were selected for 

further characterization. All genetic analyses, including RAPD fingerprinting, 16S rDNA 

phylogenetic analysis and REP-PCR showed a different clustering for the halophilic and 

osmophilic T. halophilus strains. DNA-DNA hybridization, however, revealed more than 

70% similarity between both groups of strains, indicating that all strains examined 

except T42,  should be considered as members of the same species (Wayne et al., 1987). 

However, the observation of clear biochemical, physiological and genetic differences 

between strains from a salt and sucrose rich environment might defend the proposal of 

creating two subspecies of T. halophilus.  

In an attempt to biochemically characterize the selected strains using the BIOLOG 

carbon source profiling plates, we found that most osmophilic strains were severely 

inhibited by tetrazolium violet (TV) in the plates. However, two strains, including T2 and 

T6, were able to tolerate colorless TV, but did not reduce it to the purple formazan, 

explaining why no fingerprint was generated. Nevertheless, the clear difference in 

behavior of the osmophilic versus the halophilic strains indicated a consistent 

physiological difference between both groups. 

In addition, the observation that the halophilic strains were not able to grow in 

sugar thick juice with Brix ≥ 65°, confirmed some subtle physiological differences 

between the osmophilic and halophilic T. halophilus strains (Table 4-5 and 4-6). It has 
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not been examined whether the originally inoculated bacteria had died or are in a viable, 

but non-culturable state. This difference can in theory be explained by the fact that 

stress imposed by ions (e.g. salt-rich) and organic solutes (e.g. sucrose-rich) is not 

necessarily the same (Grant, 2004; Kushner, 1978). However, tolerance to high 

concentrations of sucrose and NaCl in TSB was similar for all osmophilic and halophilic 

strains tested (data not shown). Another hypothesis is that osmophilic and halophilic 

strains require different nutritional compounds. It is possible that a growth factor crucial 

for halophiles is not present in thick juice, while TSB contains a broad range of growth 

factors enabling all T. halophilus strains to grow. An example of such a growth factor in 

the extreme environment of thick juice could be an osmolyte and more in particular 

glycine betaïne, since this osmolyte is accumulated in sugar beets at osmotic stress 

(McCue and Hanson, 1992). On the other hand, Robert et al. (2000) demonstrated that 

osmotic tolerance of halophilic T. halophilus strains was enhanced by the uptake of 

glycine betaïne, making this hypothesis implausible. In addition, bacterial adaptation to 

environmental conditions has the potential to alter the genome in such way that the 

organism becomes more resistant to further stress (Johnson and Ogrydziak, 1984; Perez 

et al., 2006), which may explain the different behavior between osmophilic and halophilic 

strains. 

Remarkably, while the optimum pH for T. halophilus growth was 7.0, as 

determined on GYP agar with 10% NaCl and incubation at 30°C (Röling and van 

Verseveld, 1997), at extreme low aw values, pH 9.0 was preferred, regardless whether 

osmotic stress was created by sucrose or NaCl (data not shown). A similar exceptional 

observation was done for the cyanobacterium Aphanothece halophytica (Laloknam et al., 

2006) for which it was found that a betaine transporter specifically catalyzes the uptake 

of the osmoregulator betaine and that uptake activities are high at alkaline pH. In 

general, H+ uptake by the Na+/ H+ antiporter is important to keep the cytoplasmic pH 

neutral and the Na+/ H+ antiporter could extrude Na+ out of the cell. To maintain the 

homeostasis at alkaline pH, a reentry route for Na+ is required (Padan et al., 2005). The 

Na+-betaine symporter was suggested to be a reentry route (Laloknam et al., 2006), 

explaining the unusual enhanced growth at pH 9.0 at high salinity (Padan et al., 2005). 

Diluting thick juice with sterilized water enables the halophilic strains to grow (better) in 

thick juice, enhancing the hypothesis that an osmolyte is missing for enabling the 

halophilic strains to grow in thick juice. A Brix index of 60° (or aw = 0.89) enabled 

halophilic T. halophilus strains to grow (Table 4-6).  

In all analyses performed, T1, which was originally isolated from degraded thick 

juice from a Belgian factory, showed a different behavior compared to the other 

Tetragenococcus strains. Based on 16S rDNA sequence analysis this strain was closely 

related (98%) to the T. muriaticus type strain (T12T). However, since the DNA-DNA 
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hybridization level between both strains was rather low (Table 4-3), strain T1 is likely to 

represent a new Tetragenococcus species. In addition, also T42 only hybridized for 58% 

with its most relative type strain T. halophilus (T11T), suggesting a new Tetragenococcus 

species. Description and designation of the species names will be presented in an 

upcoming article. 

Despite the diversity found among T. halophilus strains in this study, no strain 

could be associated to degraded or non-degraded thick juice. As a consequence, different 

physiological parameters of the thick juice itself might be responsible for the variable 

behavior of T. halophilus (Chapter 3), creating more favorable or unfavorable conditions 

for thick juice degradation. Moreover, bad storage conditions can occur locally in a 

storage tank, including a low Brix index or a high temperature (Chapter 2), or maybe a 

critical oxygen concentration (Kanbe and Uchida, 1982) enabling exponential growth of 

T. halophilus and thick juice degradation. In addition, samples from the same refinery 

with one month in between have shown totally different concentrations of T. halophilus in 

freshly produced thick juice varying between <10-105 cfu/mL. Although no explanation 

could be found for this variance, these fluctuating initial microbial load can have serious 

(local) consequences in the storage tanks. Further research on storage of differential 

conditioned thick juice inoculated with the same strain of T. halophilus is necessary to 

elucidate the different behavior of dominant populations T. halophilus in sugar thick juice. 

A more profound and detailed description of the conditions with and without degradation 

in large tanks might facilitate more efficient process control and possibly prevention of 

thick juice degradation. Detailed information on additional storage experiments with and 

without inoculation with T. halophilus is presented in Chapter 6. 
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Chapter5 
 
 

5. Development of a DNA array for detection and 

identification of thick juice contaminants during thick 

juice storage* 
 

 

5.1 Introduction 

So far, thick juice degradation is not well controlled in the sugar industry. In Chapter 3 

Tetragenococcus halophilus was identified as the major organism responsible for thick 

juice degradation, but some minor populations of the thick juice flora were also 

identified. More in particular, different strains of Bacillus, Staphylococcus and 

Tetragenococcus were shown to be present throughout the entire storage period and 

may contribute to thick juice degradation (Chapter 3). Apart from these, other 

contaminating species such as Aerococcus viridans, Leuconostoc mesenteroides and 

Kocuria species (Chapter 2; Samaraweera et al., 1995; Willems et al., 2003) can be 

found in thick juice as well.  

Improving the control of such microflora-related problem requires timely detection 

and accurate identification of the spoiling contaminants as well as a better understanding 

of the microbial dynamics during thick juice storage. Currently, DNA array technology is 

the most suitable technique for the detection and identification of several targets in a 

single assay (Rudi et al., 2002; Volokhov et al., 2002; Lievens et al., 2003; 2005b; Eom 

et al., 2007), even when different species can only be discriminated by a single-

nucleotide polymorphism (SNP) in the target gene (Lievens et al., 2006). Moreover, since 

hybridization signals are proportional to the amount of target DNA (Lievens et al., 

2005a), this technology has potential applications for studying the population dynamics 

and diversity of target populations (Lievens and Thomma, 2007). With this technique, 

specific detector oligonucleotides are immobilized on a solid support and used for target 

microorganism identification. Generally, target DNA is PCR-amplified and simultaneously 

labeled using universal primers spanning a genomic region harboring microorganism-

specific sequences. Subsequently, labeled amplicons are hybridized to the array. As a 

*Part of this chapter is published in “Development of a DNA macroarray for monitoring microbial population dynamics 
during sugar thick juice storage”; Justé, A., Lievens, B., Frans, I., Klingeberg, M., Michiels C.W., Marsh T.L. and 
Willems, K.A., 2008c. Commun. Agric. Appl. Biol. Sc. 73, 1-6. 
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result, DNA array technology combines nucleic acid amplification with the in theory 

unlimited screening capacity of DNA arrays, resulting in high sensitivity, specificity and 

throughput capacity. 

The main objective of this chapter was to design and develop a DNA macroarray 

to specifically detect and identify the most prominent bacteria in thick juice. The array 

was validated using both pure cultures and industrial samples. In addition, we attempted 

to monitor the microbial populations in thick juice during storage and degradation using 

the DNA array. 

 

5.2 Materials and methods 

5.2.1 Bacterial isolates and DNA extraction 

A collection of 60 bacterial isolates was used encompassing the most prominent thick 

juice contaminants and their genetic relatives (Table 5-1). All isolates were aerobically 

cultured on TSA at 30 or 37°C. Genomic DNA was extracted from 5-day old cultures as 

described by Lievens et al. (2003). DNA yield was determined spectrophotometrically. 

 

5.2.2 Selection of oligonucleotides  

Specific oligonucleotides were developed for multiple relevant thick juice contaminants, 

including the genera Bacillus, Kocuria, Staphylococcus and Tetragenococcus and the 

species A. viridans, L. mesenteroides and T. halophilus. To this end, 16S rRNA gene 

sequences from the target species as well as from their closest phylogenetic relatives 

were retrieved from GenBank and aligned using the Clustal W algorithm. Design of the 

genus specific oligonucleotides was based on at least eight sequences of randomly 

chosen species belonging to each target genus. Species specific oligonucleotides were 

designed based on all available sequences of the target species in GenBank. Unique 

polymorphisms were localized manually from the alignments and used to design target 

specific oligonucleotides. The length of these oligonucleotides was adjusted to obtain 

detector sequences with a similar melting temperature of 60°C + 5°C as calculated using 

Wallace’s rule. The oligonucleotides were then checked for their hybridization kinetics 

(the ability to form dimers and hairpin structures) using Vector NTI software. 

Oligonucleotide sequences with acceptable properties were submitted to BLAST searches 

against the GenBank database to determine their in silico specificity. Suitable sequences  
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Table 5-1. Bacterial isolates used to develop the DNA array for thick juice contaminants 

Species Isolate   Species Isolate 

Aerococcus christensenii LMG 19525T  L. mesenteroides subsp. dextranicum LMG 6908T 

A. urinae LMG 19526  L. pseudomesenteroides LMG 11482T 

A. urinaequi LMG 13989T  Listeria ivanovii LMG 11388T 

A. viridans LMG 17931T  Macrococcus hajeki LMG 21711T 

A. viridans A82  Micrococccus luteus LMG 4050T 

Arthrobacter globiformis LMG 3813  M. luteus B326 

Bacillus sp. Z78  M. lylae  LMG 14192 

B. cereus LMG 2098  Pediococcus parvulus LMG 11486T 

B. cereus B156  P. pentosaceus LMG 11488T 

B. cohnii LMG 16678T  Pseudomonas sp. B384 

B. flexus LMG 11155T  Pseudomonas syringae LMG 5046 

B. flexus B236  Shewanella baltica LMG 2250T 

Carnobacterium divergens LMG 9199T  Staphylococcus sp. A27 

Enterococcus faecalis LMG 19434T  S. epidermis LMG 10273 

Kocuria kristinae LMG 14216  S. equorum LMG 19116 

K. palustris LMG 19167T  S. lugdunensis LMG 13346T 

K. rhizophila LMG 8816  S. saprophyticus LMG 13350T 

K. rosea LMG 14226  S. saprophyticus B328 

K. varians LMG 14232  S. xylosus LMG 20217T 

Lactobacillus casei LMG 6904T  S. xylosus A30 

L. delbrueckii LMG 6412T  Streptococcus gallolyticus subsp. macedonicus LMG 15061 

L. delbrueckii subsp. lactis LMG 7942T  Tetragenococcus halophilus LMG 11490T 

L. iners LMG 18914T  T. halophilus T2 

L. johnsonii LMG 9437  T. halophilus T6 

L. plantarum LMG 9205  T. halophilus T9 

Lactococcus lactis LMG 6890T  T. halophilus T14/ IAM 1674 

L. raffinolactis LMG 13095T  T. halophilus T19/ JCM 2015 

Leuconostoc lactis LMG 8894T  T. muriaticus LMG 18498T 

L. mesenteroides  B208  T. solitarius LMG 12890T 

L. mesenteroides subsp. cremoris LMG 6909T   Trichococcus flocculiformis DSMZ 2094T 
LMG numbers originate from the Laboratory of Microbiology Ghent, Belgian Coordinated Collection of 
Microorganisms; DSMZ: German Resource Center for Biologal Material. IAM: Institute of Applied microbiology, The 
university of Tokyo, Japan. JCM: Japan Collection of Microorganisms. A-, B-, T-and Z-numbers represent thick juice 
bacteria from own experiments. 
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were selected for further experiments, encompassing a specificity and sensitivity assay 

as described by Lievens et al. (2003; 2005a). Briefly, specificity of the oligonucleotides  

was tested by hybridizing 10 ng labeled amplicons derived from all bacterial strains listed 

in Table 5-1 per 6 mL hybridization buffer. Sensitivity of the oligonucleotides was tested 

by hybridizing 10 µL target amplicons obtained from a DNA dilution series ranging from 1 

ng to 0.1 pg in 6 mL of hybridization buffer. In addition to the target specific 

oligonucleotides, a 3’-digoxigenin-labeled control oligonucleotide (Dig1) with no 

homology to a known sequence was designed and used as a reference for detection 

(Lievens et al., 2003). Furthermore, based on the universal bacterial primers 341F and 

516R (Muyzer et al., 1996) two universal oligonucleotides (O341F and O516R), supposed 

to detect the presence of any prokaryotic DNA, were designed as a control for the 

amplification and hybridization. All oligonucleotides (except Dig1 which was labeled with 

a 5’-C6-thiol linker) were synthesized with a 5’-C6-amino linker for covalent binding to a 

nylon membrane.  

 

5.2.3 DNA array production 

The DNA array was produced following the protocol of Lievens et al. (2003). Briefly, the 

selected oligonucleotides were diluted in sodium bicarbonate buffer (0.5 M, pH 8.4) 

containing 0.004% bromophenol blue and kept in a microtiter plate according to a 

predesigned array template (Fig. 5-1). Oligonucleotides were spotted in duplicate on 

Immunodyne ABC membrane strips (PALL Europe Limited, Portsmouth, UK) using a 384-

pin replicator (V & P Scientific, San Diego, CA, USA) at an amount of 8.0 fmol per spot. 

For the reference oligonucleotide Dig1, 2.0 fmol was printed. The distance between two 

spots, having a surface of nearly 1 mm2, was approximately 3 mm. Membranes were air 

dried, blocked for 30 min at room temperature, again air dried, and anaerobically stored 

at room temperature until use. 

 

5.2.4 PCR amplification, labeling and hybridization  

The target 16S rDNA was amplified and simultaneously labeled with alkaline-labile 

digoxigenin using the eubacterial universal primers 8F and 1492R (Lane, 1991). 

Samples were amplified in 20 µL, containing 5 ng genomic DNA from a pure microbial 

culture or 1-15 ng from thick juice samples. Amplification was performed using 0.15 mM 

digoxigenin-11-d-UTP mix (Roche Diagnostics GmbH, Mannheim, Germany), 0.5 µM of 

each primer, and 1 unit Titanium Taq DNA polymerase (Clontech Laboratories, Inc., Palo 

Alto, CA, USA). Before amplification, DNA samples were denatured at 94°C for 2 min.  
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 A B C D 

1 Dig1 OLeu1 OKoc3 Dig1 

2 OSta4 OLeu2 OKoc5 OAv3 

3 OSta5 OLeu8 OKoc6 OAv4 

4 OSta6 OTH13 OSta4 OAv7 

5 OSta7 OTH14 OSta5 OLeu1 

6 OBa7 OAv3 OSta6 OLeu2 

7 OBa9 OAv4 OSta7 OLeu8 

8 OBa10 OAv7 OBa7 OTH13 

9 OBa11 OTH 23 OBa9 OTH14 

10 OBa18 OTH1 OBa10 OTH 23 

11 OBa20 OTH2 O341F OTH1 

12 O341F OKoc3 O516R OTH2 

13 O516R OKoc5 OBa20 OBa11 

14 Blank OKoc6 OBa18 Blank 

15 Dig1 Blank Blank Dig1 

 

 A B C D 

1 Detection control Leuconostoc mesenteroides Kocuria spp. Detection control 

2 Staphylococcus spp. L. mesenteroides Kocuria spp. A. viridans 

3 Staphylococcus spp. L. mesenteroides Kocuria spp. A. viridans 

4 Staphylococcus spp. Tetragenococcus spp. Staphylococcus spp. A. viridans 

5 Staphylococcus spp. Tetragenococcus spp. Staphylococcus spp. L. mesenteroides 

6 Bacillus spp. Aerococcus viridans Staphylococcus spp. L. mesenteroides 

7 Bacillus spp. A. viridans Staphylococcus spp. L. mesenteroides 

8 Bacillus spp. A.s viridans Bacillus spp. Tetragenococcus spp. 

9 Bacillus spp. Tetragenococcus halophilus Bacillus spp. Tetragenococcus spp. 

10 Bacillus spp. T. halophilus Bacillus spp. T. halophilus 

11 Bacillus spp. T. halophilus All bacteria T. halophilus 

12 All bacteria Kocuria spp. All bacteria T. halophilus 

13 All bacteria Kocuria spp. Bacillus spp. Bacillus spp. 

14  Kocuria spp. Bacillus spp.  

15 Detection control   Detection control 

 

Fig. 5-1. Template of the designed macroarray for thick juice contaminants. The codes of the oligonucleotides 
and their corresponding places on the membrane are indicated in the upper panel, while the corresponding target 
organisms are presented in the lower panel. On the membrane, each detector oligonucleotide is spotted in 
duplicate. Blank: no oligonucleotide is spotted. 
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Next, 30 cycles were run consisting of 45 s at 94°C, 45 s at 59°C, and 45 s at 72°C, 

with a final extension at 72°C for 10 min. Hybridization was performed as described by 

Lievens et al. (2003) with 10 µL PCR product per 6 mL hybridization buffer. Prior to 

hybridization,  membranes were prehybridized for at least 1.5 h at 54°C in hybridization 

buffer (6x sodium chloride sodium citrate (SSC), 0.1% sarcosine, and 0.02% sodium 

dodecyl sulfate (SDS)) amended with 1% casein. Labeled amplicons were denatured by 

boiling in hybridization buffer for 10 min and subsequently hybridized overnight at 54°C 

in 6 mL of hybridization buffer. Hybridization was followed by two washing steps in 

stringency buffer (6x SSC and 0.1% SDS) at hybridization temperature, and three final 

washing steps in washing solution (0.1 M maleic acid and 0.15 M sodium chloride; pH 

7.5) at room temperature. Detection of digoxigenin was performed using anti-

digoxigenin alkaline phosphatase conjugate and CDP-Star substrate (both from Roche 

Diagnostics GmbH, Mannheim, Germany). Chemiluminescence was detected 

cumulatively during 5 min at intervals of  30 s using a highly sensitive digital CCD 

camera (AutoChemi System; UVP, Cambridge, UK). All hybridizations were carried out at 

least twice. 

 

5.2.4.1. Validation of the DNA array  

The DNA array was validated using two industrial samples with a different microbial 

diversity as observed using the traditional microbiological plating described in Chapter 3 

(3.2.1, modified Table 2-3) (data not shown). These non-degraded thick juice samples 

were taken from the Belgian refinery 1 right after production (I195) and after 7 months 

of storage (I76). Genomic DNA was extracted from 20 mL sample material using the 

phenol-chloroform extraction protocol described by Lievens et al. (2003). DNA extracts 

were diluted 10-fold and amplified and labeled as described above. Ten µL of labeled 

amplicons were hybridized to the array in 6 mL of hybridization buffer. In addition, DNA 

subsamples were used for specific PCR detection of the target bacteria (Table 5-2; data 

on the PCR performance not shown). Recovered colonies on plate were identified by 

phenotypic characterization and specific PCR assays or 16S rDNA sequencing as 

described in Chapter 2. 
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Table 5-2. 16S rDNA primers, with their corresponding sensitivity and PCR program, developed for specific 
identification of the studied thick juice contaminants 

Code Target Sequence (5'-3') Product 
length (bp) 

Sensitivity 
(pg DNA) 

PCR 
program 

Av 5F Aerococcus viridans CTTGAGTACAGAAGAGGAAT 700 1 AJU1 

Av 9R  CCGTGGCGTGCTGATCCA    

Ba 1F Bacillus spp. GGATAACTCCGGGAAACC 452 10a AJU1 

Ba 5R  TTTCACATCAGACTTAAG    

Koc 1F Kocuria spp. TGGTTKTGGATGGGCTCA 331 < 1 – 40b AJU1 

Koc 4R  GTCCGGAATTATTGGGCG    

Lm 2F Leuconostoc mesenteroides AATACCGAATAAAACTTAGTG 1176 1  AJU1 

Lm 6R  TTGTAGTCTGCAACTCGA    

St 9F Staphylococcus spp. TYAGGGAAGAACAWAYGT 840 < 1 – 40c AJU2 

St 8R  AATCCGAACTGAGAACAA     

198F Tetragenococcus halophilus AGCTCAAAGGCGCTTTAC 282 0.01 AJU2 

480R   TTCTGGTCAGCTACCGTC       

The sensitivity of a genus PCR can fluctuate between different species. The presented sensitivity was determined 
with a B. cereus and B. cohnii (10 pg); b K. kristina (<1) and K. rhizophila (10 pg), K. palustris (40 pg); c S. 

epidermis (<1 pg), S. cohnii (<1 pg) and S. equorum (40 pg); AJU1: PCR program described in the Materials and 
Methods section; AJU2: similar PCR program, with the exception of an annealing temperature of 62°C instead 
of 59°C. 
 

 

5.2.4.2. Monitoring thick juice contaminants during storage and 
degradation  

In an attempt to monitor the evolution of the different microorganisms that occur during 

thick juice storage and degradation, long-term thick juice storage experiments were 

conducted using laboratory scale reactors (500 mL; Fig. 5-2). Experiments were 

performed using thick juice samples from five different sugar refineries from three 

countries, which were collected either right after production or after seven months of 

industrial storage as described in Table 5-3. Thick juice samples were stored aerobically 

at 30°C for 185 days. Regularly, 20 mL thick juice samples were analyzed for pH and the 

concentrations of lactic acid and reducing sugars. In addition, genomic DNA was 

extracted from 20 mL sample material (Lievens et al., 2003). PCR amplification, labeling 

and hybridization were performed as described in the previous paragraph. Specific PCR 

assays and classical plating were used as reference methods. 

 

 

 

 

 

 

 

 

Fig. 5-2. Thick juice storage at laboratory scale in a 500 mL reactor. 
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Table 5-3. Industrial thick juice samples used to evaluate the monitoring capacity of the DNA array for thick 
juice contaminants 

Sampling date Factory Country Sample Description 

14/07/2006 Factory 1 Belgium I65 Degraded thick juice after 7 months of storage 

14/07/2006 Factory 1 Belgium I66 Non-degraded thick juice after 7 months of storage 

14/07/2006 Factory 1 Belgium I67 Non-degraded thick juice after 7 months of storage 

19/10/2005 Factory 6 Germany I68 Freshly produced thick juice 

20/10/2005 Factory 10 France I69 Freshly produced thick juice 

20/10/2005 Factory 12 France I70 Freshly produced thick juice 

19/10/2005 Factory 3 Germany I71 Freshly produced thick juice 

 
 

5.2.4.3. Stability of Recovery of hybridized sequences 

We determined the sequence of hybridized amplicons following a modified protocol of 

Renaud and Lévesque (2007, personal communication). Briefly, the array analysis was 

repeated after marking the position of the specific oligonucleotide on the membrane, but 

stopped after over-night hybridization and the subsequent washing steps. The specific 

dot was then cut out the membrane and put in a PCR tube with 15 µL of sterile HPLC 

water and 2 µL of 10X TitaniumTM Taq buffer containing 4.5 mM MgCl2 (Clontech 

Laboratories Inc., Palo Alto, CA). The mixture was then heated for 10 minutes at 95°C 

after which the piece of membrane was removed. Next, the following reaction mixture 

was added: 2.0 mM each of dATP, dCTP, dGTP and dTTP, 0.5 µM of the primers 8F and 

1492R, and 0.4 µL Titanium Taq. Amplification was performed with the same PCR profile 

as previously described. The PCR product was cloned into a TOPO vector and subjected 

to sequencing. 

 

5.2.4.4. Stability of DNA in thick juice 

In order to check the stability of DNA in sugar thick juice, we measured the stability of 

DNA from dead bacteria in the presence of different, living bacteria. First, the time 

needed to obtain dead bacteria with intact DNA was determined. To this end, saturated 

TSB cultures of Staphylococcus lugdunensis were heated in a 60°C warm water bath for a 

period of 0-120 minutes. Every 10-30 minutes, viability was checked with classical 

plating on TSA (incubation at 30°C). In the case no colonies could be detected (detection 

limit = 10 cfu/mL), the cultures were incubated for an additional five days at 30°C to 

allow resuscitation, and again classical plating was performed. DNA stability was 

determined using the PCR assay for Staphylococcus species (Table 5-2). Dead cells of S. 

lugdunensis with intact (16S r)DNA were obtained after 60 minutes heating at 60°C. 

Next, 107 cfu/mL killed S. lugdunensis cells were added to autoclaved thick juice 

which was subsequently aerobically stored in 500 mL bottles for 42 days at 30°C. In 
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addition to the dead S. lugdensis cells, three replicate samples were inoculated with 106 

cfu/mL T. halophilus to ascertain bacterial activity in the sample. A fourth thick juice 

sample only contained dead cells from S. lugdunensis. The juices were regularly sampled 

and analyzed with both classical microbiological counts (TSA, incubation at 30°C) and 

specific PCR for Staphylococcus species. 

 

5.3 Results and Discussion 

5.3.1 Design of the DNA array 

Based on the 16S rRNA gene, 68 oligonucleotides were designed and tested in a first 

hybridization experiment using labeled amplicons from a limited set of target and non-

target species (data not shown). Out of these 68 detector oligonucleotides, 24 

oligonucleotides (Table 5-4) performed well under the hybridization conditions used, 

resulting in high specificity and sensitivity (Table 5-5), and were therefore selected for 

further experiments. Notably, 16 of the 68 oligonucleotides did not exhibit detectable 

hybridization signals with any labeled amplicons, including their target. This may be 

attributed to strong secondary structures in which the oligonucleotides might be situated, 

and that do not open up under the hybridization conditions used (Tambong et al., 2006). 

Out of the 24 target specific oligonucleotides, 15 were developed to detect target genera. 

In the case of a small genus like Tetragenococcus or Kocuria, all species should 

theoretically be covered. However, since the genera Bacillus and Staphylococcus include 

about 200 and 49 different species respectively (GenBank Taxonomy Browser), and 

design of the oligonucleotides was based on eight randomly selected target sequences 

(with preference to sequences of bacteria found in thick juice), some species may not be 

covered by the developed oligonucleotides due to diversity at the nucleotide level. 

Therefore, for both genera, 16S rDNA sequences from several strains of phylogenetic 

divergent groups (Takahashi et al., 1999; Xu and Côté, 2003) were retrieved from 

GenBank and in silico tested for hybridization with the developed oligonucleotides. Out of 

17 Bacillus sequences tested, one sequence (B. cohnii) did not completely match with 

any of the six Bacillus oligonucleotides (only one mismatch with all oligonucleotides), 

while another sequence (B. subtilis) only perfectly matched with oligonucleotide OBa7 

(only one mismatch for the other oligonucleotides). With regard to the oligonucleotides 

for Staphylococcus species, out of 16 divergent Staphylococcus sequences, all sequences 

except one (S. caseolyticus, up to four mismatches) perfectly matched with the designed 

Staphylococcus oligonucleotides OSta4, OSta5, OSta6 and OSta7. In contrast, the 

oligonucleotides for the genera Kocuria and Tetragenococcus and the species A. viridans, 
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L. mesenteroides and T. halophilus matched with all available target sequences from 

GenBank. 
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Table 5-4. Sequences, sensitivity, and membrane locations of the selected 16S rDNA detector oligonucleotides 

Code Target Sequence (5’-3’) Length(bp)  Tm* (°C) GC(%) Sensitivity (pg DNA) Position on membrane 

OAv3 Aerococcus viridans AGGAATGTGGAACTCCATGT 20 58 45 10—100a B6 / D2 

OAv4 A. viridans TAAGCGGGGGATAACATTCG 20 60 50 10—100a B7 / D3 

OAv7 A. viridans CGTGGATCAGCACGCCACG 19 64 68 1 B8 / D4 

OBa7 Bacillus spp. CTAAGGTGACTGCCGGTG 18 58 61 1—10b A6 / C8 

OBa9 Bacillus spp. GCGCAACCCTTGATCTTAGT  20 60 50 1—10b A7 / C9 

OBa10 Bacillus spp. CAACCCTTGATCTTAGTTGC 20 58 45 1—10b A8 / C10 

OBa11 Bacillus spp. ACCCTTGATCTTAGTTGCCA 20 58 45 1—10b A9 / D13 

OBa18 Bacillus spp. ACTAAGATCAAGGGTTGCGC  20 60 50 10b A10 / C14 

OBa20 Bacillus spp. TGGCAACTAAGATCAAGGGT 20 58 45 10b A11 / C13 

OKoc3 Kocuria spp. GGGCTGTTACTGACGCTGAG  20 64 60 1—100c B12 / C1 

OKoc5 Kocuria spp. TGGATGGGCTCACGGCCTAT 20 64 60 1—100c B13 / C2 

OKoc6 Kocuria spp. TTTGGATGGGCTCACGGCCT 20 64 60 1—100c B14 / C3 

OLeu1 Leuconsotoc mesenteroides CTGGACTGCAACTGACGTTG 20 62 55 10d B1 / D5 

OLeu2 L. mesenteroides TTACTGGACTGCAACTGACG 20 60 50 10d B2 / D6 

OLeu8 L. mesenteroides TGGGAAGAACAGCTAGAATA 20 56 40 10d B3 / D7 

OSta4 Staphylococcus spp. GCACTCTARGTTGACTGCCG 20 62 55 1—10e A2 / C4 

OSta5 Staphylococcus spp. CTCTARGTTGACTGCCGGTG 20 62 55 1—10e A3 / C5 

OSta6 Staphylococcus spp. TGGGCACTCTARGTTGACTG 20 60 50 1f A4 / C6 

OSta7 Staphylococcus spp. CATAAAGTTGTTCTCAGTTCG 21 58 38 1f A5 / C7 

OTH1 Tetragenococcus halophilus AGCTCAAAGGCGCTTTACA 19 56 47 10g B10 / D11 

OTH2 T. halophilus AAGCTCAAAGGCGCTTTACA 20 58 45 10g B11 / D12 

OTH23 T. halophilus ACAGGAGAAAGAGGAAATGC 20 58 45 1g B9 / D10 

OTH13 Tetragenococcus spp. GCTTTCTGGTCAGCTACCGT 20 62 55 0.1—1h B4 / D8 

OTH14 Tetragenococcus spp. CTTTCTGGTCAGCTACCGTC 20 62 55 0.1—1h B5 /D9 

Dig1** None GTCCAGACAGGATCAGGATTG 21 64 52  A1 / D14 

O341F All bacteria CCTACGGGAGGCAGCAG 17 58 71 0.1i A12 / C11 

O516R All bacteria TGCCAGCAGCCGCGGTA  17 58 71 0.1i A13 / C12 
*Tm calculated using Wallace’s rule ** Lievens et al., 2003; Sensitivity was determined with 10 µL PCR product with following strains: a Aerococcus viridans LMG 
17931; A. viridans A82; b

 Bacillus spp. Z78, B. cereus LMG2098, B. flexus LMG 11155; c Kocuria kristina LMG 14216, K. rhizophila LMG 8816; d Leuconostoc 

mesenteroides subsp. dextranicum LMG 6908; e Staphylococcus epidermis LMG 10273, S. equorum LMG 19116, S. lugdunensis LMG 13346; g Tetragenococcus 

halophilus LMG 11490, T. halophilus JCM 2015; h Tetragenococcus halophilus LMG 11490, T. muriaticus LMG 18498, T. solitarius LMG 12890; i all 60 bacteria listed 
in Table 5-1. 
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5.3.2 Evaluation of the specificity and sensitivity of the DNA array 

Specificity of the selected detector oligonucleotides was further tested using amplicons 

from the strains listed in Table 5-1. While most of the designed oligonucleotides were 

highly specific, some oligonucleotides showed cross reactivity to amplicons from closely 

related species (Table 5-5). Cross reactions were observed for the oligonucleotides OAv3, 

OAv4, OAv7 which were designed for the identification of A. viridans and OKoc3, OSta6 

and OTH1 and 2 which were designed for identification of Kocuria, Staphylococcus and T. 

halophilus strains respectively. Using the A. viridans oligonucleotides, A. viridans could 

not be distinguished from A. urinaeequi because of the lack of sequence variation in the 

16S rRNA gene (99.9% homology). In addition, OSta6 and OTH1 and 2 showed weak 

cross reaction as well. Oligonucleotide OKoc3 cross hybridized strongly with amplicons 

from the phylogenetically related Micrococcus luteus, which contained a single nucleotide 

in the detector sequence (T at position 8) that does not match with the M. luteus 

amplicon. In addition, this oligonucleotide displayed relatively weak signals when 

hybridized with amplicons from Aerococcus viridans, A. urinaeequi, Lactobacillus 

plantarum and Streptococcus gallolyticus (all 2 mismatches, on position 3 and 15) and 

from Micrococcus lylae (1 mismatch, on position 8). Nevertheless, an extremely high 

amount of about 85 ng non-specific DNA/ml hybridization buffer was used, which is 

unlikely to occur in practice. Since Lievens et al. (2006) demonstrated that cross 

hybridization significantly diminished at lower concentrations, these weak aspecific 

hybridizations are negligible in practice. Furthermore, the other target specific 

oligonucleotides serve as a control for accurate detection. 

In order to determine the detection limit of the DNA array, a DNA dilution series 

ranging from 1 ng to 0.1 pg was made for several target strains prior to PCR 

amplification. While the sensitivity of the species specific oligonucleotides was tested for 

one strain, the detection limit of the genus specific oligonucleotides was determined 

separately with two (Kocuria spp.) or three strains representing different species of the 

genus. In general, the detection limit of the array depended on the detector sequences 

used as different oligonucleotides showed different hybridization signals for a single test 

strain (Table 5-4). In addition, the data obtained in this study indicate that the detection 

limit of a genus specific oligonucleotide is determined by the species that is detected, as 

demonstrated for example by the different detection limit of Bacillus cereus (10 pg DNA) 

and B. flexus (1 pg DNA) (Table 5-4). For the Bacillus and Staphylococcus species, 

generally the detection limit was 1 pg DNA, which is comparable with other molecular 

detection techniques (Weller et al., 2000; Lievens et al., 2003; Ercolini, 2004; Szemes et 

al., 2005). A. viridans was as well detected up to 1 pg DNA. For Tetragenococcus species, 

a signal could still be observed in the last dilution, representing as little as 0.1 pg DNA 
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(Table 5-4). Nevertheless, a differential hybridization strength was observed for the 

species specific T. halophilus oligonucleotides OTH1, OTH2 and OTH23 and the genus 

oligonucleotides OTH13 and OTH14 which enabled very sensitive detection. In contrast to 

these relatively sensitive oligonucleotides, the oligonucleotides for Kocuria species 

appeared to be less sensitive (detection limit in the range of 10 to 100 pg DNA) (Table 5-

4). 

Nevertheless, a detection limit of 10-100 pg represents in theory 103 – 104 

bacteria (Dagan et al., 1998) which corresponds with 102 – 103 cfu/mL bacterial cells in 

20 mL thick juice (used for DNA extraction). As a result, the array should in theory allow 

detection of these contaminants at these densities in which they are likely to be relevant 

for thick juice degradation. In addition to the oligonucleotides used, the choice of the 

universal bacterial primers might be crucial for both universality and sensitivity. Indeed, 

we compared the sensitivity of the assay when amplicons were generated with the 

primers 8F and 1387R and 8F and 1492R and the assay based on the latter combination 

appeared to be (10 to 100 times) more sensitive for almost all bacteria tested (data not 

shown). 

Since the sensitivity of a universal primer-based analysis may be decreased by 

competition for PCR reagents between target and non-target DNA (Lievens et al., 

2005a), the target DNA dilutions were also amplified in the presence of an excess non-

target DNA and subsequently hybridized to the array. As also shown by Lievens et al. 

(2005), our experiments (data not shown) revealed that only high concentrations of non-

target DNA that is amplified by the same primer pair that amplifies the target DNA and 

that exceeds the target DNA between 100 and 1000-fold, decrease the sensitivity of the 

oligonucleotides with factor 10. Other experiments aiming at quantifying the total 

amount of bacterial DNA in thick juice using real-time PCR (Brouwer et al., 2003) with 

the universal primers 1230F (GGCTACACACGTGCTACAATG) and 1541R (AGGAGGTGATCC 

AGCCGCA) revealed relative high concentrations of bacterial DNA (> 1 ng), suggesting 

that under certain circumstances some target DNA representing minor populations may 

not be detected.  
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Table 5-5. Hybridization results of digoxigenin-labeled PCR amplicons from selected bacterial cultures to the DNA array 

    Detector oligonucleotides 

Bacterial isolate Code 
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Kocuria kristinae 14216 ■ ○ ○                      ○ ○ ■ 
K. palustris 19167 ■ ■ ■                      ○ ○ ■ 
K. rhizophila 8816 ■ ■ ○                      ○ ○ ■ 
K. rosea 14226 ■ ■ ■                      ○ ○ ■ 
K. varians 14232 ■ ■ ■                      ○ ○ ■ 
Micrococcus luteus 4050 ■        ○                    ■ ■ ■ 

M. lylae 14192 ○                        ○ ○ ■ 
Arthrobacter globiformis 3813               ○             ○ ○ ■ 
Lactococcus lactis 6890                            ■ ■ ■ 
L. raffinolactis 13095                         ○ ■ ■ 
Lactobacillus plantarum 9205 ○                           ■ ■ ■ 
Leuconostoc mesenteroides subsp.cremoris 6909    ■ ■ ○     ○ ○             ○ ○ ■ 
L. mesenteroides subsp. dextranicum 6908    ■ ■ ○                   ○ ■ ■ 
L. pseudomesenteroides 11482        ■                     ○ ■ 
L. lactis 8894            ○               ■ ■ 
Staphylococcus epidermis 10273       ■ ■ ■ ■               ■ ■ ■ 
S. equorum 19116       ■ ■ ■ ■               ○ ○ ■ 
S. lugdunensis 13346       ■ ■ ■ ■                     ■ ■ ■ 
Macrococcus hajeki 21711                             ■ ■ ■ 
Tetragenococcus muriaticus 18498              ■ ■            ○ ■ ■ 
T. solitarius 12890              ■ ■            ■ ■ ■ 
T. halophilus 11490           ○ ○ ■ ■ ■                   ○ ■ ■ 
T. halophilus T2           ■ ■ ■ ■ ■          ■ ■ ■ 
Bacillus cereus 2098                ■ ■ ■ ■ ■ ■       ■ ■ ■ 
B. cohnii 16678                                        ■ ■ ■ 
B. Flexus  11155         ○       ■ ■ ■ ■ ■ ■    ■ ■ ■ 
B. Flexus  B236         ○       ■ ■ ■ ■ ■ ■    ■ ■ ■ 
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Table 5-5 (continued). 

    Detector oligonucleotides 

Bacterial isolate Code 0
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Bacillus sp. Z78                ■ ■ ■ ■ ■ ○    ○ ○ ■ 
Listeria ivonovii 19119                                  ■ ■ ■ 
Aerococcus christensenii 19525                             ○ ■ ■ 
Aerococcus urinaequi 13989 ○                      ■ ■ ■ ○ ■ ■ 
Aerococcus urinae 19526                             ■ ○ ■ 
Aerococcus viridans 17931 ○                           ■ ■ ■ ■ ■ ■ 
Aerococcus viridans A82                      ■ ■ ■ ■ ■ ■ 

Carnobacterium divergens 9199                         ○ ■ ■ 

Enterococcus faecalis 19433                         ○ ■ ■ 

Pediococcus parvulus 11486                         ○ ○ ■ 

P. pentosaceus 11488                         ○ ○ ■ 

Shewanella baltica 2250                         ○ ■ ■ 
Streptococcus gallolyticus subsp. 

macedonicus 15061 ○                                               ■ ■ ■ 

Code: the numbers represent LMG isolates. A-, T-, and Z- numbers represent thick juice bacteria from own experiments. Hybridization strength is classified into three 
categories: blank = no signal; ○ = weak signal; ■ = strong signal. 
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5.3.3 Validation of the DNA array  

For broad application in practice, identification from pure cultures is not very relevant as, 

eventually, the array should preferably be used to assess the microorganisms directly 

from industrial samples. Therefore, the array was validated using two industrial samples 

showing different microbial diversity i.e. I76 (seven months stored thick juice) and I195 

(freshly produced). 

Both samples showed the presence of Staphylococcus species (Table 5-6). The 

oligonucleotides OSta6 and OSta7 were confirmed to be the most sensitive (Table 5-4 

and Table 5-6A). Furthermore, the freshly produced thick juice I195 contained as well L. 

mesenteroides and A. viridans, while these species were not detected in the stored thick 

juice (I76). Freshly produced thick juice is indeed known to contain a more diverse 

microflora (Chapter 3). Generally, the results obtained with the DNA array were 

confirmed by standard plating methods and phenotypic characterization (data not 

shown). In addition, the bacterial identity was confirmed by sequencing the 16S rRNA 

gene or by specific PCR, demonstrating the reliability of the array. Interestingly, the 

specific PCR detected Bacillus spp. in I76 in contrast to the array. This discrepancy 

between both molecular assays could be explained by a difference in species specificity 

since the primers and the oligonucleotides target different regions and thus different 

sequences. An additional explanation is the higher sensitivity that can be obtained with 

specific PCR reactions as these only amplify the target DNA while the universal primers 

used for DNA array analysis also amplify DNA from non-target bacteria having annealing 

sites for these primers. However, the major advantage of the DNA array is that multiple 

species can be detected in a single assay. In addition, compared with a conventional 

PCR-based detection of specific nucleic acids, DNA arrays are more straightforward since 

the formation of aspecific products may complicate detection using agarose gels. 

Furthermore, DNA arrays can relatively easy be extended to include more and other 

targets of interest. 

Remarkably, oligonucleotide OKoc3, designed to detect Kocuria species, lighted up 

in I195 while OKoc5 and OKoc6 did not. In order to clarify this inconsistency, we 

determined the sequence of the hybridized amplicons following a modified protocol of 

Renaud and Lévesque (2007, personal communication). The obtained sequences showed 

only one mismatch with oligonucleotide OKoc3, explaining the observed hybridization 

signals. Nevertheless, the sequences could not be identified after a BLAST analysis in 

GenBank. The highest homology was found to cloned sequences of some uncultured 

bacteria. 

In conclusion, the results of this experiment illustrate the power of the array for 

multiplex analysis of thick juice samples. 
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Table 5-6. Evaluation of the developed DNA array for thick juice contaminants using two industrial samples 
showing different microbial diversity i.e. I76 (seven months stored thick juice) and I195 (freshly produced) 
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I76             ■ ■ ■ ■ ■ ■ ■ ■ ○                   ■ ■ ■ 

I195 ○     ○ ■ ■ ○ ○ ■ ■                       ○ ○ ■ ■ ■ ■ 
 

B. Results of specific PCR analyses on thick juice samples 

  Specific PCR 

  Kocuria spp. L. mesenteroides Staphylococcus spp. T. halophilus Bacillus spp. A. viridans 

I76     ■ ■ ○   
I195   ■ ■ ○   ■ 
I76 = thick juice after seven months storage; I195 = freshly produced thick juice.  

Hybridization strength and yield of the PCR products are classified into three categories: blank = no signal;  

○ = weak signal; ■ = strong signal. 

 

 

5.3.4 Monitoring thick juice contaminants 

Ultimately, the array was used to monitor the thick juice contaminants during thick juice 

storage and degradation. To this end, different thick juice samples were incubated on a 

laboratory scale and regularly followed up during 185 days of storage. Numerical data 

from the physico-chemical analyses are shown in Table 5-7. The results obtained with 

the DNA array and the corresponding specific PCR assays (Table 5-2) can be found in 

Table 5-8. In addition, classical plate counts for T. halophilus are presented in this table. 

A typical example of a DNA array analysis is presented in Fig. 5-3 showing the 

hybridization results obtained at different timepoints during laboratory storage.  
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Table 5-7. Physico-chemical data of the thick juice samples from the laboratory storage experiment for the samples I65-I71 during 185 days of storage at 30°C 
 
Table 5-7a. Evolution of the pH  

Storage days 0 11 20 29 42 60 80 185 

Sample                 

I65 8.34 8.32 7.84 6.8 6.46 6.35 6.17 5.93 

I66 8.78 8.45 7.68 7.05 6.01 5.8 5.62 5.61 

I67 8.89 8.45 8,00 6.9 6.01 5.48 5.28 5.23 

I68 8.85 8.66 8.63 8.53 8.53 8.56 8.24 8.1 

I69 8.08 7.72 7.37 7.21 7.07 6.51 5.47 5.47 

I70 8.99 8.89 8.81 8.72 8.68 8.55 7.04 5.56 

I71 8.89 8.87 8.84 8.83 8.88 8.88 8.67 8.34 

 
 
Table 5-7b. Evolution of the concentration lactic acid (ppm)  

Storage days 0 11 20 29 42 60 80 185 

Sample                 

I65 6215 6117 6782 7815 7984 8336 10056 12266 

I66 2155 2370 2715 2792 3077 3506 4040 5035 

I67 2338 2927 3273 3422 3628 4669 5859 7077 

I68 3771 4216 4793 4480 4239 4539 5223 5831 

I69 2442 2699 2777 2948 2712 3181 4271 5639 

I70 1327 1401 1488 1492 1388 1693 1997 3410 

I71 4051 3896 4120 3974 3708 4564 4661 5288 

 
 
Table 5-7c. Evolution of the concentration reducing sugars (mg%g)  

Storage days 0 11 20 29 42 60 80 185 

Sample                 

I65 316 307 270 202 150 210 234 696 

I66 115 68 45 45 160 352 556 1410 

I67 96 48 31 47 210 643 863 2394 

I68 56 90 88 87 76 86 52 45 

I69 49 53 52 67 106 352 481 2150 

I70 36 26 21 18 19 20 42 663 

I71 46 38 87 43 37 43 27 22 
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Fig. 5-3. Example of a DNA array analysis of different thick juice samples stored for 185 days under laboratory 
conditions. The upper panel represents an analysis at the beginning of the experiment (day 0), followed by the 
results of day 80, while the lower panel represents the situation at the end of the experiment (day 185). Columns 
are labeled from A to D, rows are labeled from 1 to 15. The location and specificity of the oligonucleotides is 
presented in Table 5-4. 
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Table 5-8. Thick juice contaminants detected in different thick juice samples during 185 days of storage in 
laboratory conditions at 30°C using DNA array, specific PCR and classical microbiological plating 

  DNA array   Specific PCR   Classical microbiological plating 
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 Counts T. halophilus (cfu/mL) 

Day 0 I65  ○ ■ ■ ○ ■ ○ ○  ○ ■ ○ ■ ■  Overgrown by Bacillus sp. 

 I66  ○ ■ ■ ■     + ○ ■  ○  3,5 x 104   

 I67  ■ ■ ■ ■     ○ ■ ■  ■  4,8 x 105 

 I68  ■        +      <100 

 I69  ■  ■ ○     ■ ○ ■  +  1.2 x  106 

 I70  ■  ■ ■     ○ + ■  +  1.2 x  105 

 I71  ■              +       ○  <100 

                  
Day 11 I65  ○ ■ ■   ■      + ■ + ■ ■  2.7 x  105  

 I66  ○  ■ ○     ■ ○ ■  ○  1.5 x  106 

 I67  ○ ■ ■ ■     + ■ ■  ■  3.2 x  106 

 I68  ■  ■ ○     +  +    <100 

 I69  ○  ■ ○     ■ ○ ■  ○  3.8 x  106 

 I70  ○  ■ ○     ■ + ■  ○  8.8 x  105 

 I71  ■              +   +   ○  <100 

                  
Day 20 I65  ○ ■ ■   ○      ■ ■ ○ ■ ■  3.3 x  106  

 I66  ○  ■ ■     ■ ○ ■  ○  1.8 x  106 

 I67  ■ ■ ■ ■     ■ ■ ■  ■  3.6 x  106 

 I68  ■  ■      +      <100 

 I69  ■ ■ ■ ○     ■ ○ ■  ○  3.5 x  105 

 I70  ■  ■ ■     ■ + ■  +  5.9 x  105 

 I71  ■   ■ ○        +   +   ○  <100 

                  
Day 29 I65  ○ ○ ■          ■ ■ + ■ ■  4.4 x  106 

 I66  ○  ■ ○     ■ + ■  ○  7.0 x  105 

 I67  ○ ■ ■ ○     ■ ■ ■  ■  2.6 x  106 

 I68  ■        +      <100 

 I69  ○ ■ ■ ■     ■ ■ ■  ■  4.8 x  105 

 I70  ○  ■ ○     ■  ■  +  1.2 x  106 

 I71  ■              +       ○  <100 

                  
Day 42 I65  ○ ■ ■   ○      ■ ○ ○ ■ ■  7.8 x  105 

 I66  ○  ■ ■     ■ ○ ■  ○  1.4 x  106 

 I67  ■ ■ ■ ■     ■ ■ ■  ■  3.8 x  106 

 I68  ■        +      <100 

 I69  ○ ■ ■ ■     ■ ■ ■  ■  9.8 x  105 

 I70  ○  ■ ○     ■  ■  +  3.7 x  105 

  I71   ■               +       +   <100 
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Table 5-8 (continued). 

  DNA array   Specific PCR   Classical microbiological plating 
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 Counts T. halophilus (cfu/ml) 

Day 60 I65  ○ ■ ■   ○      ■ ■ ○   ○  2.0 x  107 

 I66  ○ ○ ■ ■     ■ ○ ■  +  8.8 x  104 

 I67  ○ ■ ■ ■  ○   ■ ■ ■  ○  1.6 x  107 

 I68  ■              1.5 x  102 

 I69  ○ ■ ■ ■     ■ ■ ■  ○  5.4 x  105 

 I70  ○  ■ ■     ■ + ■  +  4.1 x  105 

 I71  ■   ■ ■        +   +   +  <100 

                  
Day 81 I65  ○ ■ ■   ○      ■ ■ ○   ○  9.7 x  105 

 I66  ■ ○ ■      ■ ○ ■  +  1.4 x  105 

 I67  ■ ■ ■ ■     ■ ■ ■  ○  1.3 x  106 

 I68  ■ ■ ■ ■     +  +  +  <100 

 I69  ■ ■ ■ ■     ■ ■ ■  ○  5.6 x  105 

 I70  ○ ■ ■ ■     ■ ○ ■  +  2.6 x  105 

 I71  ■   ■ ■        +   +   +  <100 

                  
Day 185 I65  ○ ■ ■ ■ ○      ■ ■ +   ■  9.4 x  104 

 I66  ■ ○ ■ ■     ○ ○ ■  ○  <100 

 I67  ■ ■ ■ ■     ○ ■ ■  ■  <100 

 I68  ■  ○ ○     +      <100 

 I69  ■ ■ ■ ■     ■ ■ ■  ■  <100 

 I70  ○  ■ ■     ■ + ■  +  9.5 x  102 

  I71   ■               +           <100 

Hybridization signal strength and yield of the PCR product were classified into 4 categories: blank = no signal, + 
= doubtful signal, ○ = weak signal; ■ = strong signal. 
 

As discussed in Chapter 2, the samples which had been stored before (I65-I67) 

revealed a more diverse microflora than freshly produced thick juice (I68-I71) (Table    

5-8). More in particular, most diversity was observed for the degraded thick juice sample 

I65 (Table 5-8 and Fig. 5-3). At the start of the experiment (day 0), all target taxons 

including Bacillus, Staphylococcus, Tetragenococcus, T. halophilus, A. viridans and L. 

mesenteroides were detected in this sample. Compared with the other samples, the latter 

two species were only found in this sample. In the French freshly produced thick juice 

samples, I69 and I70, hybridization signals were obtained for the Tetragenococcus and T. 

halophilus oligonucleotides. In the German freshly produced samples I68 and I71, none 

of the target bacteria were detected. Nevertheless, signals were obtained for the 

universal bacterial oligonucleotides (Table 5-8), indicating another bacterial flora might 
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be present in these samples. Indeed, analysis of a 16S rDNA clone library of sample I71 

revealed the presence of Thermus, Acinetobacter, Anoxybacillus and 

Thermoanaerobacterium strains (Chapter 2), for which no oligonucleotides were 

designed. On the other hand, 26% of the sequences originated from Bacillus species, but 

they could not be detected with the array nor by the classical plating method. 

Remarkably, these obtained sequences matched in theory with all of our Bacillus 

oligonucleotides. On the contrary, using the specific PCR assay, Bacillus DNA was 

detected (Table 5-8). This was also the case for samples I66 and I67, again 

demonstrating a higher sensitivity of the Bacillus specific PCR compared to the array for 

specific species. 

After 81 days of laboratory storage, all samples contained Staphylococcus spp. (except 

I71) and T. halophilus. In addition, using the specific PCR assays also Bacillus was found 

in all samples. 

Notably, after 185 days of storage, a big discrepancy was observed between the 

molecular assays and classical plating for T. halophilus. While the microbial counts varied 

from 105 cfu/mL to below the detection limit (<100 cfu/mL), the molecular assays 

detected high concentrations of T. halophilus in all samples (Table 5-8), suggesting DNA 

from dead bacteria was detected.  

As shown in Tables 5-7 and 5-8, this storage experiment resulted in a clear 

differentiation between German (I68 and I71) and French (I69 and I70) freshly produced 

thick juice (from campaign 2005-2006). German samples from Factory 3 and 6 were very 

stable. Almost no bacteria could be counted during the whole period of 185 days storage 

and as expected, the pH was relatively stable and only few sucrose was lost (Table 5-7). 

The French samples however, contained a high amount of T. halophilus, even right after 

production. As expected, these samples degraded (decrease of pH) during storage and a 

considerable amount of sucrose up to 2.2% was lost. Nevertheless, French freshly 

produced thick juice from the same refineries from the next campaign (2006-2007) 

showed the same low bacterial counts as the German samples from 2005-2006 and 

2006-2007, excluding a difference in the production process as explanatory variable. 

 

5.3.5 Stability of DNA in thick juice 

Prerequisite to any technique used for assessing microbial populations are accurate 

detection and identification of the microorganisms of interest. Since DNA based 

techniques can not discriminate between dead and living microorganisms (Rudi et al., 

2005), the stability of DNA in the analyzed matrix is crucial. It is generally accepted that 

DNA from dead cells will be quickly metabolized by other microorganisms in 

microbiologically active environments, such as humid or aquatic environments (Lebuhn et 
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al., 2004). However, the rate of DNA degradation in thick juice appeared to be extremely 

slow as shown in Fig. 5-4. DNA from dead Staphylococcus lugdunensis cells was found to 

be stable in thick juice for over 42 days, irrespective whether 106 cfu/mL T. halophilus 

were present or not. Consequently, standard DNA applications in thick juice may 

overestimate certain populations in the community making accurate monitoring 

impossible. Indeed, matrices rich in easily degradable sugars like sugar thick juice could 

be expected to enhance stability of dead cells and their DNA. First of all, the activity of 

microorganisms in such extreme matrix is low (Stark and Firestone, 1995). Moreover, if 

sucrose can be used as carbon source, the proportion of the concentration sucrose 

compared to the concentration ribose (as available in DNA) is enormous, more precisely 

about 108. 

 

Fig. 5-4. Stability of DNA from 107 cfu/mL dead Staphylococcus lugdunensis bacteria in autoclaved thick juice 
stored at 30°C. In both treatments, dead S. lugdunensis with intact DNA molecules was added after heating for 
60 minutes at 60°C. In 1, 2 and 3, T. halophilus was additionally added at a concentration of 106 cfu/ mL; in 4 no 
additional cells were added. 
 

 
 

Despite this extreme high stability of DNA from dead cells in sugar thick juice, 

samples from the hop acids experiment (Chapter 2) were analyzed after about 300 days 

of storage and DNA from T. halophilus could not be detected in two out of nine samples. 

However, there is still a great difference between 42 and 300 days of storage. Moreover, 

the two samples where no DNA could be detected, contained considerable lower 

concentrations of T. halophilus during storage, suggesting a very slow degradation of the 

DNA. However, to exclude detection of dead bacteria, addition of ethidium monoazide 

(EMA; Rudi et al., 2005) or propidium monoazide (PMA; Nocker et al., 2006) should 

eliminate DNA from dead microorganisms (Chapter 1). Alternatively, RNA can be used as 

a target instead of DNA, in combination with reverse transcriptase PCR (RT-PCR; Tan and 

Weis, 1992). 

 

In conclusion, the developed DNA array is a reliable tool for the detection and 

identification of the majority of thick juice contaminants, both from purified cultures and 

industrial samples. Simultaneous detection and identification of multiple contaminants 

such as Bacillus, Staphylococcus and Tetragenococcus species could be a major step 

forward in the quality control during thick juice storage. However, successful 
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implementation of this technology in a control program will require additional effort to 

circumvent the high stability of DNA from dead bacteria in thick juice. This limitation can 

be solved by appropriate handling with chemicals or by starting the analyses from mRNA. 

The next challenge will than be the implementation of an accurate quantitative aspect to 

the developed macroarray, in order to adequately monitor population developments and 

interactions as was already successfully implemented in plant diagnostics (Lievens et al., 

2005a). Ultimately, correct interpretation of the hybridization patterns could fully aid 

food quality and processing management. 
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Chapter6 
 
 

6. Influence of industrially relevant process and storage 

parameters on microbial thick juice degradation by 

Tetragenococcus halophilus  

 

6.1 Introduction 

The importance of Tetragenococcus halophilus on thick juice storage and degradation has 

thoroughly been demonstrated (Chapter 2 and 3). All osmophilic T. halophilus strains are 

able to grow in thick juice and, depending on abiotic parameters, to degrade the thick 

juice during storage. The significance of the solids content, initial pH and storage 

temperature on the stability of thick juice during storage have been highlighted (Chapter 

2). Nevertheless, more detailed information on good storage practices is required.  

The experiments described in this chapter study thick juice storage over a broader 

relevant temperature range (15-30°C) than in Chapter 2. Additionally, several samples 

have been inoculated with T. halophilus since this bacterium generally becomes dominant 

in the storage tanks. Indeed, the importance of e.g. storage temperature for thick juice 

degradation is known, but detailed information on the effect of temperature on the 

growth of T. halophilus during storage is lacking. With the knowledge obtained (Chapter 

2, 3 and 4), evaluation of the solids content, the initial pH and the storage temperature 

at high concentrations of T. halophilus in thick juice is crucial and enables us to define up 

to date good storage practices to minimize the disadvantageous effects of this 

extremophile during storage. Furthermore, the effect of the initial pH during storage was 

calculated. Currently, thick juice should be stored at pH 9.0-9.2 (Asadi, 2007), but the 

relevance of this value was not always proven to be significant (Willems et al., 2003; 

Chapter 2). For the industry, the financial investment to increase the pH after production 

from 8.8 to 9.2 is substantial as refinery plants store up till 200.000 ton thick juice a 

year. Consequently, detailed information regarding the influence of this parameter on 

thick juice storage would be useful to optimise production.  

In this chapter, thick juice was inoculated with T. halophilus and stored in the 

laboratory under different relevant industrial conditions of pH, solids content and storage 

temperature. Subsequently, the evolution of the T. halophilus population was monitored 
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and the results were used to define the conditions needed for preventing thick juice 

degradation by T. halophilus.  

 

6.2 Material and methods 

6.2.1 Thick juice storage experiments and sampling  

Thick juice storage experiments were conducted over 77 days on a laboratory scale to 

monitor degradation and the growth of T. halophilus. Thick juice was collected from the 

sugar plant in Factory 5 (Germany) in a sterile 20 L polyethylene barrel directly from a 

commercial processing system. Samples were taken immediately after the evaporation 

and cooling stage. On arrival, the thick juice had a solids content of 68.7°Bx and a 

pH=9.5, containing 105 cfu/mL T. halophilus (determined as described in Materials and 

methods, Chapter 2, 2.2.1). The thick juice was sterilized by autoclaving 10 min at 

121°C. The effects of the starting solids content and pH on thick juice storage quality 

were studied after inoculation with 5*105 cfu/mL T. halophilus strain T5 (Chapter 4). 

About 300 mL thick juice was stored in 500 mL bottles and stored loose caps at three 

relevant, challenging temperatures of 20, 25 or 30°C using a factorial design for twenty 

conditions as calculated with the statistic software Cornerstone® (Brooks Automation) 

(Table 6-1). Before inoculation, T5 was first grown to saturation in TSB at 30°C. When 

necessary, solids content and pH were adjusted in thick juice with sterile demineralised 

water and   1 N NaOH, respectively, keeping variation of the parameters within industrial 

relevant values.  

 

Table 6-1. Experimental design of the laboratory scale thick juice storage experiment 

Sample pH Solids content (°Bx) T (°C) 

S1 8.5 69 30 
S2 9.5 69 30 
S3 9 67 20 
S4 9 67 25 
S5 8.5 67 25 
S6 9.5 65 20 
S7 9 67 25 
S8 8.5 65 20 
S9 9.5 67 25 
S10 9.5 65 30 
S11 9 67 25 
S12 8.5 69 20 
S13 9 67 25 
S14 9 65 25 
S15 9 69 25 
S16 8.5 65 30 
S17 9 67 30 
S18 9 67 25 
S19 9.5 69 20 
S20 9 67 25 
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Once a week, 15 mL thick juice samples were drawn aseptically into sterile screw 

cap tubes and analyzed for pH, lactic acid, reducing sugar content and concentration T. 

halophilus. An additional 30 mL was sampled and frozen at -20°C as back up. 

In parallel with the laboratory experiment, another thick juice storage trial was 

monitored on pilot scale in 60-L cylinders as described in Chapter 2. The experimental 

set up is shown in Table 6-2. Brix and Temperature were chosen as independent 

variables, while four cylinders were γ-sterilized (Sterigenics, Fleurus, Belgium) with a 

single 15 Gy dose in an attempt to obtain sterile thick juice. T. halophilus strain T6 was 

added to six cylinders at 20 cfu/mL. The sampling occurred similar to the laboratory 

experiment. 

 

Table 6-2. Experimental design of the pilot scale thick juice storage experiment 

Cylinder Brix (°) T (°C) 
Addition of T. 

halophilus  
Sterilized 

C 1 69 25     

C 2 66 25   

C 3 69 15   

C 4 66 15   

C 5 69 25 X  

C 6 66 25 X  

C 7 69 25 X X 

C 8 66 25 X X 

C 9 69 15 X X 

C 10 66 15 X X 

 
 

6.2.2 Microbiological analyses  

The concentration T. halophilus was monitored by classical plating on Tryptone Soy agar 

(TSA), as described in Chapter 3. 

 

6.2.3 Biochemical and chemical analyses  

All parameters were analysed as described in Chapter 3. 

 

6.2.4 Data analysis  

Data from the thick juice storage experiments were analyzed by standard linear 

regression using Excel. The start of thick juice degradation, defined as the day the pH 

had decreased by more than 1 unit, was analyzed as response variable. Initial Brix, pH 

and incubation temperature were considered as explanatory variables. Significance of 

differences was analyzed at a 95% confidence level (P < 0.05). 
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6.3 Results 

6.3.1 Evolution of Tetragenococcus halophilus counts 

The T. halophilus count decreased in all samples from 5*105 cfu/mL right after 

inoculation to about 102-104 cfu/mL at day seven (Fig. 6-1, data for only six samples). 

Indeed, after the ideal circumstances of Tryptone Soy Broth (TSB) at 30°C, T. halophilus 

needs to survive in the extreme circumstances of thick juice (Chapter 4). After an 

adaptation period of about 14 days, the population T. halophilus reaches stable 

concentrations between 105 and 107 cfu/mL. Only in the samples S12 and S19, where a 

high solids content of 67 or 69°Bx is combined with a low storage temperature of 20°C, 

T. halophilus growth is delayed or inhibited since only low concentrations of 103 cfu/mL 

were observed. 

The T. halophilus levels in S8 and S16 peaked at 105–106 cfu/mL during the first 

part of the storage and then declined thereafter (Fig. 6-1). The low pH in S16 caused by 

the production of lactic acid delays and/or inhibits its own growth, although inhibition was 

only reported below pH 5.2 (Röling et al., 1994). The low level in S8 on day 77 could not 

fully be explained. 

 

6.3.2 pH evolution 

As typical for thick juice degradation, the pH decreased in all samples to reach a stable 

value of 5.5-6.0 (Chapter 2; Willems et al., 2003). Within the experimental range of the 

parameters studied, the storage temperature has the most pronounced influence on the 

pH evolution. The pH decreases faster at higher storage temperature as demonstrated in 

Fig. 6-2. Additionally, the samples with higher solids content are generally more stable. 

No clear influence could be observed from the initial pH value. As expected, samples with 

low growth of T. halophilus show a slow drop in pH. 
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Fig. 6-1. Evolution of the T. halophilus plate count during thick juice storage grouped by storage temperature. 

 

 

Fig. 6-2. Evolution of the pH during thick juice storage after inoculation with T. halophilus, grouped by storage temperature. 

Storage at 25°C

1,00E+01

1,00E+02

1,00E+03

1,00E+04

1,00E+05

1,00E+06

1,00E+07

1,00E+08

0 10 20 30 40 50 60 70 80
Time (days)

c
o

n
c
e
n

tr
a
ti
o

n
 T

H
 (
c
fu

/m
l)

S4 S5 S7 S9 S11
S13 S14 S15 S18 S20

Storage at 25°C

1,00E+01

1,00E+02

1,00E+03

1,00E+04

1,00E+05

1,00E+06

1,00E+07

1,00E+08

0 10 20 30 40 50 60 70 80
Time (days)

c
o

n
c

e
n

tr
a

ti
o

n
 T

H
 (

c
fu

/m
l)

S4 S5 S7 S9 S11
S13 S14 S15 S18 S20

Storage at 20°C

1,00E+01

1,00E+02

1,00E+03

1,00E+04

1,00E+05

1,00E+06

1,00E+07

0 20 40 60 80

Time (days)

c
o

n
c
e
n

tr
a
ti

e
 T

H
 (

c
fu

/m
l)

S3 S6 S8 S12 S19



Chapter 6 

 

 124 

Statistical analyses confirmed the significant influence (p<0.001) of storage temperature 

and solids content on thick juice storage and degradation (Table 6-3). The initial pH 

showed no significant influence regardless of the other factors. However, when the most 

extreme conditions of Brix and T were omitted, more precisely when 65°Bx juice was 

stored at 25 or 30°C, or storage at 20°C of 67 and 69°Bx juice, an initial lower pH did 

accelerate thick juice degradation significantly (p< 0.01). Remarkably, in Chapter 4 it 

was demonstrated that T. halophilus grows better at pH 9.0 than at pH 7.0 at high 

osmotic pressure (23-28.5% NaCl in TSB medium, Table 4-3). In our experimental 

design, temperature and solids content varied with respectively five and two units, 

making the temperature differences (8.26*5=41.3) more important than the differing 

solids content (14.25*2=28.5), as graphically observed. Similarly, the fluctuation of T in 

industrial practice is much higher than the variation in solids content. A decrease of 5°C 

in the storage T of thick juice with 5*105 cfu/mL T. halophilus results in 41 days delay of 

degradation, between the established limits. Accordingly, an increase of 1°Bx results in 

14 days longer good storage under the conditions tested (Table 6-3).  

 

Table 6-3. Statistical output of multiple linear regression with Excel 

  Coefficients Standard error T- statistic data P-value 

Variable X 1 = pH 12 11.71 1.03 0.321 

Variable X 2 = solids content 14.25 2.93 4.87 < 0.001 

Variable X 3 = T -8.26 1.17 -7.06 < 0.001 
P values lower than 0.05 indicate a significant relation between the variable and the output i.e. thick juice storage 
defined as the day that the pH dropped by more than 1 value compared to the initial value. 

 

 

6.3.3 Evolution of other degradation parameters 

6.3.3.1 Reducing sugars 

The concentration reducing sugars (RS) first decreased at the start of the experiment, 

probably by consumption of the available monosaccharides (Willems et al., 2003). 

Subsequently, the concentration RS showed an increasing trend during storage at 25 and 

30°C as presented in Fig. 6-3. Only thick juice stored at 20°C does not contain elevated 

amounts of RS after 77 days. For the samples S10, S14 and S17, extremely high 

concentrations up to 8945 mg%g or >12% were measured. Accordingly, these samples 

had a steep drop in pH as well. Most samples with a fast drop in pH also showed a fast 

rise of RS, except for S1, S5 and S8. Remarkably, these samples all had an initial pH of 

8.5. In addition, the other samples with pH 8.5, S12 and S16, confirm the assumption 

that an initial pH of 8.5 retards the production of RS. Nevertheless, this pH value only 

weakly influenced the drop in pH or lactic acid production, but an adjusted or adapted 

carbon metabolism at this pH may produce less RS from sucrose. 
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Most of the samples only showed a significant rise of RS after 70 days when the limit of 

721 mg%g was reached or at least 1% sucrose was consumed. 

 

6.3.3.2 Lactic acid concentration 

All thick juice samples show at least a small rise in lactic acid (LA) concentration. As 

expected (Chapter 3), the rise of LA was correlated with the observed drop in pH. Fig. 6-

4 demonstrates a clear influence of the storage temperature on the LA production during 

thick juice storage. As mentioned before (Chapter 3), production of LA during thick juice 

storage can be due to a chemical reaction, which can explain the slightly risen 

concentration in the non-degraded samples S3, S11 and S19 which revealed only low 

counts of T. halophilus. 

 

6.3.3.3 Degradation dynamics 

Inoculation of sterilized thick juice with T. halophilus results in thick juice degradation as 

typically reported (Chapter 2 and 3). Fig. 6-5 presents the typical dynamics of pH, 

reducing sugars and lactic acid production observed during thick juice degradation, here 

represented by sample 14. 
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Fig. 6-5. Overview of the evolution of pH, lactic acid, reducing sugars and plate counts for Tetragenococcus 

halophilus during storage in a typically degraded thick juice sample, in this experiment represented by sample 14 
or 65°Bx thick juice at an initial pH of 9, stored for 77 days at 25°C. bars: concentration T. halophilus; ■ lactic 

acid; ▲ Reducing sugars (RS); ♦ pH. 
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Fig.  6-3. Evolution of the concentration reducing sugars during thick juice storage after inoculation with T. halophilus, grouped by storage temperature. 

 

 
Fig. 6-4. Evolution of the concentration lactic acid during thick juice storage after inoculation with T. halophilus, grouped by storage temperature. 
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6.3.4 Case study: pilot scale storage experiment 

An overview of the data is listed in Table 6-4 and Fig 6-5. First of all, thick juice stored at 

15°C was still stable after 188 days of storage. Almost no T. halophilus could be detected 

and the thick juice stayed stable with regard to pH and RS. Nevertheless, after 160 days 

of storage, C4 (66°Bx) showed suddenly high concentrations up to 107 cfu/mL. Sargent 

et al. (1997) also stored 1 batch of thick juice at 15°C which degraded after 230 days of 

storage. Consequently, T. halophilus still can grow at 15°C and degradation is simply 

postponed. In addition, Willems et al (2003) stored two thick juice cylinders at 10°C 

which did not degrade during the whole period of storage of 180 days. These new data 

confirm the earlier results. 

All degraded cylinders show high counts of T. halophilus. However, C1 contains 

high numbers of this halophilic bacterium as well but showed only a limited pH-fall, just 

as was noticed in some cylinders before (Chapter 3). Cylinders that show no or low 

counts of T. halophilus still contain stable thick juice, which is observed at 15°C and in 

C7 (sterilized thick juice 69°Bx). The cylinders C5 and C6 only differed in set up with C1 

and C2 by the addition of a low amount of T. halophilus. Possibly, addition of T. 

halophilus accelerated the degradation with respectively 9 and 46 days, although not 

unimportant is that the initial pH in the cylinders C5/C6 was 0.5 units lower. Indeed, 

inoculation was extremely low and T. halophilus typically requires a resuscitation period 

upon inoculation in thick juice (Chapter 4). For the sterilized thick juice, only C8 with the 

most challenging conditions of 25°C and 66°Bx showed degradation. At 69°Bx in C7, T. 

halophilus is only detected at low concentrations and is therefore expected to cause 

degradation only after considerable additional storage. 

In all cylinders except C4, the concentration RS first decreased as observed in 

other experiments (Willems et al., 2003; former experiment in this chapter). However, in 

contrast to the laboratory experiment, no explicit rise in RS was measured. The bacteria 

are consuming the sucrose without producing RS, or consumption of RS neutralizes its 

production. Similar observations were reported for the pilot scale storage in Chapter 2. In 

literature, T. halophilus is known to have varying carbon metabolism between different 

isolates or under different circumstances (Röling et al., 1996; 1999; Gürtler et al., 1998), 

but in our research, this anomaly has not been profoundly examined. Röling et al. (1999) 

demonstrated that besides lactic acid, as well acetic acid and ethanol were produced, 

while still 30% of the sucrose is metabolized in non-defined products. 
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Table 6-4. Numeric overview of the 10 thick juice cylinders after 188 days of pilot scale storage 

Cylinder Brix (°) T (°C) Degradation (day)
a 

LA (ppm)   Maximum count  

            To T188 ∆   for FB (cfu/mL) 

C1 69 25  169  2237 3728 1491   1*10
5  

  

           

C2 66 25  146  2041 4461 2420  4*10
6 

           

C3 69 15  /  2162 3207 1045  < 10
2
 

           

C4 66 15  /  1930 2528 598  10
7 

           

C5 69 25  160  2260 3271 1011  9*10
5 

           

C6 66 25  100  2206 3512 1306  1*10
6
 

           

C7 69 25  /  2456 2602 146  7*10
2 

           

C8 66 25  76  2441 3960 1519  1*10
6
 

           

C9 69 15  /  2419 2960 541  < 10
2 

           

C10 66 25   /   2700 3404 704   10
4
 

FB = fastidious bacteria, all FB were identified as Tetragenococcus halophilus; T0 = values at day 0; 
T188 = values at day 188, the end of the experiment; / = not observed; a = degradation is defined as the 
day that the pH drops more than one unit below the initial value. 

 

 

As a side-note, it should be mentioned that gamma radiation with a single dose of 

15Gy kills most of the present microflora in thick juice (data not shown). However, 

incubation of γ-sterilized thick juice at 30°C and at 60°Bx showed a strong growth of T. 

halophilus demonstrating that the gamma radiation did not result in sterile thick juice. 

Probably, the sucrose rich matrix had protected the bacteria. In addition, pilot scale 

experiments are never free of air contamination since thick juice needs to be poured in 

the cylinders which occurs in open air which contains Bacillus and Staphylococcus spp. 
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Fig. 6-6. Overview of the evolution of pH, lactic acid, reducing sugars and plate counts for Tetragenococcus halophilus 
during 188 days of thick juice storage on a pilot scale. The primary left axis gives the values for the pH and the counts of T. 

halophilus (log cfu/mL). The secondary and right axis allows quantification of the concentration lactic acid (ppm) and 
reducing sugars (mg%g). bars: concentration T. halophilus; ■ lactic acid; x Reducing sugars; ♦ pH. Gamma radiation (15Gy) 
was used in an attempt to sterilize the thick juice. However, small amounts of T. halophilus survived the radiation. 
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6.4 Discussion 

The solids content, the storage temperature and the initial pH all influence the stability of 

thick juice during storage. Thick juice degradation can be retarded or prevented by 

increasing the solids content and the pH of the juice, and by applying a low storage 

temperature. However, for industrial practice, an economical and practical compromise 

has to be sought. For example, the solids content should not be higher than 70°Bx since 

this would promote crystallization in the tanks. In addition, too high pH results in 

colorization of the juice (Asadi, 2007) and release of RS, resulting in sugar of less 

quality. The storage temperature can not be controlled in the tanks that are currently 

used, but depending on the local climate, more or less stringent values of pH and solids 

content are advisable. As long as the temperature of thick juice does not exceed 15°C, 

no growth of T. halophilus is observed at 69°Bx and consequently no degradation is 

expected. 

The obtained data were used to address the practical question from the refineries 

whether or not it is advisable to increase the pH of thick juice after production from pH 

8.8 to pH 9.0 or 9.2, taking into consideration the substantial cost (of about 200 000 

euro for 1 factory with 100 000 ton juice) of raising the pH up to 9.2 instead of 9.0. The 

most crucial (controllable) parameter is the solids content which should vary between 69 

and 70°Bx. Also the storage temperature is highly important but is difficult to control. 

Consequently, the answer is dependent on the local temperature. If the temperature of 

the thick juice does not exceed 20°C for more than about 100 days, degradation is not 

expected to occur and no excess NaOH should be added. On the other hand, if the 

temperature of the thick juice reaches 30°C for a total of 45 days or more, the thick juice 

will degrade and increasing the pH from 9.0 to 9.5 will only delay the degradation with no 

more than 12 days.  

Remarkably, samples with equal concentrations of T5 do not necessarily behave 

similar. Physiological factors such as solids content, pH and temperature apparently 

influence not only the concentration T. halophilus, but as well the metabolic behaviour of 

the bacteria. T. halophilus is indeed known for its different behaviour under different 

circumstances (Gürtler et al., 1998; Röling et al., 1999). However, the reason for 

different lactic acid production of the same strain under varying circumstances is 

currently unknown. Since no difference could be found between T. halophilus from 

degraded and non-degraded thick juice (Chapter 4), locally different physiological 

parameters might be the crucial factor to cause degradation. 
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  Chapter7 
 
 

7. General Conclusions  
 

 

The sugar industry is vulnerable to the considerable changes in the European market. In 

particular, the European sugar production is being discouraged, prices are cut and the 

sugar industry is being forced to further increase the efficiency of the production process 

e.g. by scaling-up. Consequently, the storage of sugar thick juice in order to increase 

both the capacity and the efficiency of the refineries will become increasingly important. 

Storing thick juice beyond extraction and refining is common practice in the sugar 

industry. However, even when seemingly adopting good storage practices, thick juice 

degradation resulting from microbial contamination may still occur. Currently, the only 

solution is to process the degrading thick juice as soon as possible to limit the loss of 

sucrose. In this work, thick juice degradation with emphasis on the role of the causative 

microflora was the main research topic. More specifically, the aim of the study was  

- to describe the microbial community structure and dynamics during thick juice 

storage  

- to identify the causative degradation flora  

- to define improved storage practices with the ultimate goal of preventing thick 

juice degradation 

 

When this work was initiated, literature on thick juice storage was scarce and 

microbiological analyses of thick juice were only performed with classical plating 

techniques (Sargent et al., 1997; Hugenholtz et al., 1999; Willems et al., 2003). In this 

research, the thick juice microflora has been profoundly studied with molecular tools, 

encompassing the application of 16S rRNA gene clone libraries and T-RFLP analysis, 

providing a more comprehensive representation of the thick juice microflora than 

previous studies. Initially, only pilot scale (± 60 L) experiments were believed to 

represent the industrial practice (Willems, personal communication). However, laboratory 

samples (500 mL) reflected the industrial practice as well and appeared very useful to 

study the effect of the process parameters (Chapter 3 and 6). Furthermore, laboratory 

scale experiments are less time-consuming, cheaper and free of air contamination. 

Nevertheless, one should keep in mind that laboratory samples are homogeneous while 
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industrial storage tanks which can contain up to 100.000 m3 might contain 

heterogeneous juice (already after production). 

 

It was demonstrated that different bacterial populations occur immediately after 

production in comparison to long-term storage. This initial, heterogeneous microflora in 

freshly produced thick juice evolves to the dominance (>99%) of Tetragenococcus 

halophilus during storage. Based on its high population density (106–107 cfu/mL), its 

ability to consume sucrose and to acidify artificially infested sterile thick juice, T. 

halophilus was concluded to play a crucial role in thick juice degradation.  

Since T. halophilus has been associated thus far only with high salt food products  

and our work is the first to associate it with high sugar matrices, different T. halophilus 

strains either from thick juice or from high salt environments were compared. In 

addition, strains from degraded and non-degraded thick juice were included in the 

comparison because similar high concentrations of T. halophilus occasionally did not 

result in thick juice degradation. Using a range of genetic typing methods and 

physiological tests including Biolog, repetitive extragenic palindrome (REP-PCR) and 

random amplified polymorphic DNA (RAPD) technology, clear differences were found 

between T. halophilus strains isolated from salt and sugar rich environments. However, 

strains from degraded and non-degraded thick juice could not be distinguished. 

Irrespective the differences between the strains from high salt or high sugar 

environments, DNA-DNA hybridization grouped all strains within the species T. 

halophilus, except for two isolates that showed both different physiological and genetic 

characteristics, and that appear to represent two new species of Tetragenococcus. A 

further physiological comparison and characterization of T. halophilus isolated from salt- 

and sucrose-rich environments might be interesting from a scientific point of view. More 

in particular, halophilic strains were not able to grow in thick juice and BIOLOG 

fingerprinting revealed the inability of osmophilic strains to reduce tetrazoliumviolet to 

formazan, in contrast to the halophilic strains. Notably, all tested strains were able to 

metabolize sucrose, glucose and fructose. The clear difference in biochemical phenotype  

between the osmophilic and the halophilic strains indicated a consistent physiological 

difference between both groups. 

Remarkably, molecular typing of T. halophilus isolates from different refineries 

indicated that every sugar refinery hosts a specific in-house flora that persists year after 

year. Röling and van Verseveld (1996) observed similar RAPD patterns for T. halophilus 

strains isolated from each specific soy sauce manufacturer. Clustering of isolates 

according to their geographical origin as observed in this work, indicates independent 

evolutionary origins for the different clusters and has frequently been reported (Dyble et 

al., 2002; Wong et al., 2004). Notably, all three French refineries contained T. halophilus 
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with the same RAPD pattern suggesting a common source of contamination. On the other 

hand, specific process parameters might favor the development of specific strains. 

In addition to the dominant T. halophilus, other bacteria such as Staphylococcus 

and Bacillus species were consistently present in lower steady concentrations of about 

103 cfu/mL. Although we never found these bacteria at high concentrations, some of 

them, like Staphylococcus spp., can grow at low water activity, and may be able to 

contribute to thick juice degradation under particular circumstances. In order to have an 

early detection of the different bacteria that commonly occur in thick juice, a DNA array 

was developed containing 16S rDNA based detector oligonucleotides for the genera 

Bacillus, Kocuria, Staphylococcus, and Tetragenococcus, and the species Aerococcus 

viridans, Leuconostoc mesenteroides and T. halophilus. The developed macroarray was 

demonstrated reliable and sensitive (up to 0.1 pg target DNA or 100 cfu in a sample 

(Dagan et al., 1998)) and has potential for monitoring the thick juice microflora during 

storage. However, successful implementation of this technology will require additional 

effort to circumvent the high stability of DNA from dead bacteria in thick juice. Such DNA 

showed no degradation for at least 42 days of storage in thick juice. This limitation can 

be solved by appropriate handling with chemicals like ethidium- or propidiummonoazide 

(Rudi et al., 2005; Nocker et al., 2006) or by performing the analysis on RNA.  

Furthermore, similar to T. halophilus, other thick juice bacteria also appear to 

grow in salted foods including Aerococcus viridans, Bacillus spp., Kocuria spp., 

Leuconostoc mesenteroides, Micrococcus spp., Staphylococcus spp. (Mc Donald et al., 

1990; Rodriguez et al., 1994 ; Nortjé et al., 1999 ; Aymerich et al., 2003; Peirson et al., 

2003). These bacteria may also have adapted to growth in the sugar rich thick juice 

compared to salt environments. Possibly, typing of the thick juice isolates may reveal 

similar differences as observed for the Tetragenococcus species. To our knowledge, only 

Pseudomonas spp. have been reported to grow both in natural environments rich in salt 

and in sugar (Grant, 2004; Lagacé et al., 2006). 

 

As for the practical implications of this thesis, what are currently the best 

available practices for safe thick juice storage?  

-  First of all, a thorough cleaning of the tanks (and if possible as well of the 

pipelines) is required to minimise contamination from the tank’s internal 

surfaces between each filling campaign. This cleaning should minimise the 

formation of biofilms, where micro-organisms can establish and are more 

resistant to environmental stresses than their free-living counterparts   

(Costerton et al., 1999). 

- Furthermore, thick juice should be processed to 69°Bx with a pH = 9.1 and 

stored as cool as possible. In case of low Brixindices, addition of 40 ppm 
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hopextract is advised. Indeed, the highest possible solids content should be 

combined with a high pH and a low storage temperature. Nevertheless, the 

solids content should not exceed 70° Bx since crystallization then occurs in the 

tanks (Asadi, 2007). In addition, a too high pH causes colorization of the juice 

and an increase in reducing sugars (Asadi, 2007), resulting in sugar of less 

quality. The most crucial parameters are the solids content which should vary 

between 69 and 70°Bx and the storage temperature. Unfortunately, this 

parameter can not be controlled in the currently used storage tanks. However, 

depending on the local climate, more or less stringent solids content and pH 

are advisable. In particular, as long as the temperature of the thick juice does 

not exceed 15°C, no growth of T. halophilus is observed at 69°Bx and 

consequently no thick juice degradation is measured. Furthermore, the 

addition of the natural biocide Betastab®, a commercial hop extract, decreases 

the growth of T. halophilus and therefore prolongs safe thick juice storage. 

Nevertheless, the advisable concentration of 40 ppm (Chapter 2) is not cost 

effective to prolong safe thick juice storage. With respect to pH, the cost of 

adding NaOH to the thick juice resulting in a slightly more stable juice, should 

be compared to the risk for degradation of the specified juice, mainly 

influenced by the solids content and the mean storage temperature.  

 

Although nearly all of the results in our research could be explained by dominance 

of T. halophilus and subsequent degradation caused by lactic acid production, some 

observations highlight the importance of other variables as well. Firstly, thick juice from 

the hop experiment contained exceptionally high concentrations of yeasts up to 105 

cfu/mL. These high yeast concentrations are pernicious since most yeasts are able to 

degrade sucrose, including strains from the genera Candida, Pichia, Rhodotorula and 

Torulaspora which we isolated from the juice. One possible reason for this high yeast 

contamination could be the lack of good cylinder cleaning in that experiment, confirming 

the importance of cleaning the tanks (Goddard, 1997) and the possible consequences of 

yeasts. Generally, yeasts are absent or gradually disappear during storage (Chapter 2; 

Sargent et al., 1997). Secondly, high concentrations of T. halophilus did occasionally not 

result in detectable thick juice degradation. Finally, thick juice degradation has as well 

been observed without a rise of lactic acid by Willems et al. (2003). In these cases, 

circumstances were probably created in favour of another microflora or a different 

behaviour of T. halophilus (Gürtler et al., 1998; Röling et al., 1999; Kobayashi et al., 

2004). In this context, the importance of the concentration of oxygen may be 

investigated.  
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We succeeded in better describing the phenomenon of thick juice degradation, 

clearly mapped the microbial population dynamics during thick juice storage, and defined 

improved storage practices. Nevertheless, the origin of the T. halophilus contamination 

could not be traced. The DNA of this contaminant could be detected throughout the 

refining process, from the raw juice, over thin juice and freshly produced thick juice, 

pointing at an omnipresent contamination in all tested refineries. Although T. halophilus, 

being a non-sporulating bacterium, can not survive the severe heat treatment during 

juice evaporation as confirmed in experimental conditions, freshly produced thick juice 

can contain up to 105 cfu/mL T. halophilus, requiring a very particular explanation. 

Defining the contamination source of T. halophilus may lead to better process control 

and, together with a better control of juice solids content and storage temperature, to 

the prevention of thick juice degradation. 
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